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ABSTRACT 


In order to examine relationships between ion transport and 
adenosine triphosphate (ATP) synthesis, it was necessary to isolate 
large amounts of mitochondria that were in as good a condition and as 
pure as possible. For this purpose a method was developed for zonal 
ultracentrifugation of a cell homogenate from etiolated pea cotyledons. 
Sucrose density gradient centrifugation in a Ti-XIV zonal rotor was 
used to obtain a large amount of mitochondria in a short time. Electron 
microscopy and enzymatic analysis indicated high purity in the 
mitochondrial fraction. . 

Methodology for the measurement of K transport in the isolated 
mitochondria was developed. The advantages of the liquid-membrane 
electrode for measurement of K far outweigh those of the glass Kr 
selective electrode. Valinomycin was added to initiate K uptake. 

No interference of the added valinomycin with the K electrode was 
detected. 

The induced K uptake in mitochondria was found to be energy- 
dependent and greatly influenced by conditions in the ambient solution. 
The extent of K uptake and the rate were dependent on the presence 
of anions and respiratory substrate and occurred only with mitochondria 
displaying good respiratory parameters. 

By simultaneous monitoring of oxygen concentration, it was observed 
that when mitochondria deplete the solution of oxygen rapid efflux of K* 
occurred from the mitochondria into the surrounding medium. Addition of 
H,0, caused rapid aeration of the solution through the action of catalase. 


Zee 
After addition of H,0., KT uptake again occurred at the same rate and 
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extent as the initial K” uptake. 

Investigation of ATP synthesis during the K uptake showed a 
competition for energy by the two processes. In the presence of 
valinomycin and at low extramitochondrial K* concentrations, ADP could 
be rapidly phosphorylated. This occurred with a decrease in net 
potassium ion uptake. At higher external K* concentrations respiratory 
energy was unavailable for ATP synthesis, and only a portion of added 
ADP could be phosphorylated within a reasonable time. Further evidence 
for the competitive nature of the two processes for respiratory energy 


was from Mg** effects and from timing of valinomycin addition. 
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INTRODUCTION 


With the development of the chemiosmotic hypothesis, an intimate 
relationship between jon transport and ATP synthesis was seen possible. 
Although there is much research in these fields, the mechanisms of both 
ATP synthesis and ion transport have not been completely established. 

Density gradient centrifugation offers a method of obtaining 
mitochondria in a reasonable degree of purity and the use of a zonal 
rotor offers the advantage of capacity. 

Mitochondria isolated from animal tissue have been shown to take 
up Kr in an energy-dependent process. Furthermore K* is not as 
susceptible as divalent ions to forming complexes or causing pH changes 
during uptake processes. Potassium uptake can be monitored by jon selec- 
tive electrodes. The liquid membrane electrode is a new type of electrode 
with distinct advantages over that of a glass a specific ion electrode. 

Much research has been done on the valinomycin-induced K* uptake 
in animal mitochondria and only recently have such studies been 
reported for plant mitochondria. The relationship of the valinomycin- 
induced K* uptake and ATP synthesis (as measured directly) has not been 
done. An investigation was done in this dissertation to examine the 
characteristics of the two processes in pea cotyledon mitochondria, 


and to learn more of relationships between the two. 
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LITERATURE REVIEW 


I. Choice of Tissue for Preparation of Mitochondria 


Since the present investigation was undertaken to examine certain 
energy-requiring processes in intact plant mitochondria a suitable 
tissue source of intact mitochondria was important. Mitochondria which 
are fully developed and intact can be isolated from cotyledons removed 
from germinating seedlings. Cotyledon tissue contains a food reserve 
utilized by the seed during germination. The mobilization of this food 
reserve is accompanied by a marked increase in cotyledon respiration 
and energy conservation ability. Isolated mitochondria from such 
tissues show a close parallel in respiratory activity to that of the 
whole cotyledon (Opik, 1965 and Solomos teal 19/2 )- 

Respiratory activity of mitochondria is measured by oxygen 
utilization on a nanomoles (nmol) oxygen utilized per minute per 
milligram protein basis while intactness may be demonstrated by high 
respiratory control ratios (RCR) and an adenosine diphosphate/oxygen 
(ADP/0) ratio approaching theoretical. RCR is the ratio of oxygen 
utilized per minute in state III respiration (oxygen, substrate, phos- 
phate, and adenosine diphosphate (ADP) not limiting) compared to state 
IV (ADP limiting) (Chance and Williams, 1955). The ADP/O ratio is the 
ratio of gram atoms of oxygen utilized by the system during state III 
respiration with the addition of a given number of u moles of ADP. 

Mitochondria from animal tissue have been much more extensively 
studied than those from plant tissue. However, Ikuma and Bonner (1967) 


compared mitochondria from mung bean tissue and rat liver tissue, and 
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showed much higher respiration rates in the plant mitochondria. 
Mitochondria from various plant tissues show respiratory parameters 
at least equal to, and in some cases superior to animal mitochondria 
(e.g. Ikuma and Bonner, 1967; Phillips, 1971). 

Opik (1965) and Malhotra and Spencer (1970) isolated intact 
mitochondria from bean (Phaseolus vulgaris L.) cotyledons and observed 
changes in activity when isolated from different ages of cotyledons. 
Young et al., (1960) and Phillips (1971) showed that mitochondria from 
pea (Pisum sativum L.) cotyledons reached a maximal activity when 
isolated from cotyledons five days after imbibition. Biochemical and 
ultrastructural changes in mitochondria from pea cotyledons during 
germination have been documented (Solomos et al., 1972). 

The demonstration of high respiratory activity, the very high 
to excellent RCR and ADP/O ratios, and the reproducibility in the 
isolation of mitochondria at a known stage in development was instru- 
mental in the choosing of pea cotyledonary tissue as a source of 
mitochondria for the present investigation. In addition, the use of 
etiolated tissue avoided contamination of the mitochondrial prepara- 


tion with chloroplasts or chlorphyll. 


II. Isolation of Mitochondria from Pea Cotyledons 
A. Medium for Tissue Grinding 


The components of a good grinding medium usually consist of an 
osmoticant, a buffer, and other various compounds to remove inhibitory 
substances released during isolation or to prevent denaturation or 


oxidation. 


an eter dabtentqesn wih 
T Maaaen vone eaucatd seta auotnav doy 6 
strbnortads tm Tentns oF votvsque doago Shoe nt brs <oo TRUBS 
UNOE .2qi FA eaer eimod brie sintl ag 
gowint baseluel (OVGL) 4ganen? bis ETioNtaM ong (80) vad Hh 
bavisedo bans ancbelytoo (.4 zivapiuv 2ufopend9) 0 Aa 
_dhobelyso> Yo espa snsvattib mort betsioet natw ytivisas At zoos +t. 
MON? si¥baodsoy tm SeAd howorle (1Ver) eqri lid bre (Od07) «.in ta ma " 
nstw wiviscs fimixsi se berasst 2nobalysos (.1 muvitse muszt): vq i 
bas fectmersotS .nototdtdmt yeits eyeb svt? enobalysoo meyt bosstoat 
entteb endbalyio> sq mort sivbnodoosin mt esprit loxutourteand te 
-(SV@L ..f8 Je 2omolot) bsingmus0b nood even often torreg: . 
Ngtd yiev ont ,Yttvidae Yrotetiqes) oid to Aofsevdenomed SAT 7 _ : 
eta nt vii idtaubowgsy alt bas .caitay O\I0A bos FIA tosiieoxe at 


“wien! zaw Insmgolaveb nf spsd2 qwond s gn siybnolgortn to nolisfoat | 


' 


10 sate 1s 26 suaets Visnobsfytoo s6q to pntroolo oft AF street ing | 

WO gau srg .aotsibbs nf 2nottepttzeva} teeesia sti 403 sitbnoroos 7 
<aegatg Tetsbndhootiin sti? to nottanimssnos bobtovs Ssvaett nedstotie. : ' 
-TENRg otis 10 aneaTqovofdo ditty nohd | 


ziobsiytod se8.nont ainboorpauttt Yo. notgefeat Ak - 
Sabbaind aueetT ot metho yk. ne. 

ne Yo serene ylfeveu muibsm gntbning boop 6 to adasnogmos SAT ie af 
iortdidat syomay of 2bnusgmos 2uoiysy Ystivo dns .Wttd fH ¢! | 
, ¥0 motgovusensh ahd No noite FoRt a Mee 


in@ea * 


na 
° v 


itira| | 
care a) oe aa a oe 


The frequently used osmoticants for mitochondrial isolation are 
mannitol, sucrose, or a combination of both. Sucrose has been observed 
to have a detrimental effect on mitochondrial integrity (Tedeski, 1965); 
however, the reason is not clear. Bonner (1967 and 1970) has outlined 
some of the conditions for isolation of intact mitochondria. Mannitol 
is of value as an osmoticant since it aids in the separation of starch 
from mitochondria. Ethylenediaminetetracetate (EDTA) complexes 
inhibitory heavy metals and Cau Calcium ions activate phospholipase 
which destroys mitochondrial membranes. Ethyleneglycoltetracetate 
(EGTA) can be employed instead of EDTA to avoid complexing Mg’ (an 
ion which is required for maximum mitochondrial activity). Bonner 
also suggests using a medium pH near 8 to minimize phospholipase 
activity although more frequently the pH is around 7.5. Bovine serum 
albumin (BSA) is used to bind free fatty acids that may otherwise act 
as uncouplers (Bonner, 1965). Also mitochondria remain in a contracted 
state in the presence of BSA. 

B. Tissue Maceration 

Different laboratories have developed their own methods of 
disrupting tissue and freeing mitochondria from the confines of the 
cell. Some of the kinds of equipment used include: a Waring Blendor 
run at low speed, a commercial salad maker, a meat grinder, or a mortar 
and pestle. Bonner's laboratory highly recommends a soup maker, called 
Mixer 66, available from Moulinex Company (Bonner, 1967). Storey and 
Bahr (1969) have used a Polytron, (an attachment that fits a Waring 
Blendor base) with great success. Previous workers in our laboratory 


found that a gently used mortar and pestle produced mitochondria of 
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high integrity (Malhotra et al., 1970; Phillips, 1971). It is 
essential to work quickly and at 0°-4°C to maintain intact mitochondria. 
C. Centrifugal Separation of Mitochondria 

1) Centrifugal Techniques: In any centrifugation, separation 
of particles is dependent on two things: size of the particle (a); and 
density of the particle (po). In differential centrifugation, particles 
are separated basically on their size difference. However, many sub- 
cellular particles can be of the same size - hence purity of the frac- 
tionated particles is difficult to obtain. With the recognition in the 
1950s that density gradient centrifugation allowed particle separation 
on the basis of density as well as size, a much greater purity of sub- 
cellular fractions became possible (Anderson, 1956; de Duve et al., 
1959). Thus, density-gradient centrifugation became the method of 
choice for the separation of biological particles. The major problem 
with the method was that only a few milligrams of particles could be 
handled in a conventional "swinging bucket" rotor. Other problems such 
as "droplet sedimentation effects" and "wall effects" arose that 
strongly limited the resolution of a zone of larger particles, such 
as mitochondria (Anderson, 1966). 

The development of the zonal rotor for use in density-gradient centri- 
fugation (Anderson, 1966) provided a means for obtaining a large amount of 
material from a gradient. In addition, greater resolution is possible 
because the "wall effect" is avoided by means of wedge-shaped sectors 
in the rotor. With the use of zonal techniques the lysosome contamina- 
tion of crude mitochondrial preparations (de Duve, 1959) and the 


peroxisomal contamination of mitochondrial pellets (Plesnicar et al., 
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1967) could be minimized. Although peroxisomes are nearly the same 
size and density as mitochondria, the peroxisome is freely permeable to 
sucrose while the mitochondrion is not. The bound water of the peroxi- 
some exchanges for sucrose; thus the peroxisome increases greatly in 
specific density with time, and will ultimately move to a density of 
1.25-1.26 in sucrose. Mitochondria, meanwhile, retain their bound 
water and move to a sucrose concentration similar to their original 
specific density (1.201 as reported by Solomos et al., 1972). Thus 
mitochondria and peroxisomes are separated in sucrose density gradients 
On the basis of differing osmotic properties of their membranes. 

2) Gradient Materials: Sucrose has been commonly used as 
a gradient material for mitochondria, although sorbitol affords better 
preservation of structure (Avers et al., 1969). Other gradient material 
includes dextrans (glucose polymers) or Ficoll, a sucrose polymer. 
Although solutions of these two polymers are not very dense, equilibrium 
density occurs in corresponding less dense solutions since membrane 
organelles do not lose water when exposed to them. Also the organelles 
may be more stable during isolation (Laties and Treffry, 1969). Cesium 
chloride is sometimes employed when a very high density is required, but 
its cost for routine work is otherwise prohibitive. Lately some workers 
have used silicone oil gradients for isolation of intact mitochondria 
(Harris and Van Dam, 1968). For the present zonal work, sucrose ap- 
peared to be the satisfactory choice. 

3) Isopycnic Separations: For the first ten years after 
the introduction of density gradients for subcellular isolations 


(Anderson, 1956), investigators simply employed linear gradients. 
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However, linear gradients are optimal only for isopycnic centrifugation. 
The use of step gradients, convex or concave gradients offers advantages 
under certain circumstances. For example, capacity is greatly in- 
creased for isolation of plant mitochondria when a step gradient is 
used, Solomos et al., (1972) prepared pea cotyledon mitochondria in 

a swinging bucket rotor by loading a crude preparation of mitochondria 
over 38% w/w, 44.8% w/w, 48% w/w and 60% w/w bands and centrifuging it 
for 245-3 hours at 149,000 g in a L2-65B Spinco ultracentrifuge. Al- 
though few workers have employed step gradients for isolation of 
mitochondria in zonal rotors, this type of gradient is preferred when 

a large amount of mitochondria is required because of the large 


capacity of the gradient. 


III. Oxidative Phosphorylation in Plant Mitochondria 


A. History 
The complexity of oxidative phosphorylation and the difficulties 


in attempts to explain its mechanism prompt a reiterance of Racker's 
rather memorable quote, "Anyone who is not confused about oxidative 
phosphorylation just doesn't understand the situation." 

The basic concepts of oxidative phosphorylation owe their origin 
to many of this century's early biochemists but it wasn't until the 
late 1930s that phosphorylation was linked to the respiratory chain. 
The first papers of Kalackar, Belitzer and Ochoa demonstrating this 
are translated and presented in Kalackar's recent book (Kalackar, 1969). 
Ion transport was thought to be quite separate from oxidative phosphoryla- 
tion until the development of the chemiosmotic hypothesis showed an 


intimate relationship was possible. Through all of this period three 
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basic hypotheses were developed for oxidative phosphorylation - each 
with its own proponents. 

It was through the development of the chemiosmotic and conforma- 
tional coupling hypotheses that many new lines of investigation were 
opened. Today most workers in the field accept the hypothesis that 
the electron transport chain is involved in a proton pump (Lehninger, 
1972). However, it is unclear whether this proton pumping is the direct 
result of the arrangement of the electron transport chain components or | 
secondary to the chemical or conformational coupling processes. Also, 
it remains to be shown whether the proton gradient is the direct 
driving force for ATP synthesis. As a result, the most active field 
of research in mitochondrial function during the last few years con- 
cerns problems related to membrane conformation, compartmentation, and 
ion translocation. 

B. Theories of Oxidative Phosphorylation 

1) Chemical Coupling: The historical aspects of ATP forma- 
tion in enzymatically catalyzed reactions immediately led to a suggestion 
for an intermediate of a chemical nature to enable the coupling of 
electron transport to ATP synthesis (Slater, 1958). By the beginning 
of the 1960s, isolation of the high energy intermediate seemed imminent. 
Nevertheless, the isolation of the chemical intermediate, and therefore 
proof of the chemical coupling theory, did not materialize. 

2) Chemiosmotic Coupling: The first proposal for a chemios- 
motic type of mechanism linking electron transport and ATP synthesis 
came: in 1961 (Mitchell, 1961). Later this was revised somewhat and 


detailed to a greater extent (Mitchell, 1966 and 1969). Although 
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largely ignored by biochemists at first because of the biophysical 
nature of the hypothesis, the demonstration that a pH gradient could 
drive ATP synthesis in chloroplasts (Jagendorf and Hind, 1963) gave 
great support to the hypothesis. Mitchell rejects the chemical high 
energy intermediate and substitutes for it instead, a pH gradient 
and/or a membrane potential that are created by the separation of 
protons and electrons during respiration. 

During respiration the electron transfer chain is thought to 
develop a "proton motive" force across the membrane by depositing the 
protons (removed from the substrate) on the outer side of the membrane. 
This is thought to occur by the following steps. The substrate is 
considered to donate two hydrogens to the first hydrogen carrier of 
the chain (See Fig. 1). The first acceptor reduces the second carrier 
of the electron transport chain, which requires only electrons for 
reduction. The protons, which are not required for this reduction, are 
separated from the electrons. As a result of the spatial arrangement 
of the first carrier in the chain, the protons are deposited on the 
outer side of the membrane. As the next carrier is reduced its require- 
ment for both protons and electrons is met by oxidation of the second 
carrier and removal of protons from the inner phase. With the require- 
ment of the third carrier for only electrons for reduction, separation 
of H’ and electrons again occurs with the protons deposited on the 
outer phase. This cycle repeats stil] one more time. In total then, 
6H’ are deposited on the outer phase of the membrane as shown in the 
scheme in Fig. 1. The driving force for ATP synthesis comes from the 


lower concentration of H* thus produced in the inner phase, and the 
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Chemiosmotic hypothesis. The build-up of hydrogen ions on 
the outer phase of the mitochondrial membrane (as a result 
of the nature and orientation of electron transport chain 
components) drives the production of the high energy 
intermediate (XeY). The intermediate in turn drives ATP 
synthesis with OH deposited in the inner phase for every 
molecule of ATP formed. 
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higher concentration of HY on the outer sifawe of the membrane. The 
details of how this is accomplished presents the biggest problem. It 
is visualized that 2 H” from the outer phase go to H,0 through loss of 
water when XH and YOH react to form XY + H,0. XY becomes the high 
energy intermediate as it moves toward the inner phase of the membrane 
and reacts with ADP and Pi to form ATP + YO" + 2H’ +X". The compounds , 
X and YO , return to the outer side of the membrane, and again form 
XH and YOH through the uptake of two more protons. Thus the original 
pH gradient formed during electron transport is dissipated with one 
ATP molecule formed for every two protons that move back to the inner 
Dieses ees tNCe H” moved to the outer phase during electron transport, 
three ATP molecules can be formed for every two electrons transported. 

Although the scheme is controversial it provides sound rationale 
for many of the observations of oxidative phosphorylation and the 
requirements of the coupling process. The strongest objections come 
from lack of a consistent stoichiometry of ion transport data and from 
exchange reaction experiments. Nonetheless, the present state of 
knowledge seems to point most favourably in the direction of the 
chemiosmotic hypothesis. 

3) Conformational Coupling: Although some investigators 

tend to regard the conformational coupling theory as a special case of 
the chemical coupling hypothesis, most feel it is sufficiently different 
to be regarded as a separate hypothesis. Raaflaub (1954) was one of the 
originators of the conformation coupling hypothesis with his work on 
swelling and contraction changes in mitochondria induced by different 


respiratory substrates, ATP, and Mg’. Boyer (1965) developed more 
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detailed concepts of the hypothesis. Conformational coupling refers 
to a mechanism in which electron transfer to or from an electron 
carrier protein induces an energy-rich conformational state in the 
protein, which is somehow transmitted to the ATP-forming enzyme. 
Presumably the free energy for the formation of the high-energy 
phosphate bond comes from the breaking of several non-covalent bonds 
of low energy. Some researchers now feel that the final solution to 
the mechanism of oxidative phosphorylation will come from a compromise 
proposal arising from the three coupling theories (Racker, 1970; 


Lehninger, 1972). 


IV. Characteristics of Plant Mitochondria 

A. Oxidation and Phosphorylation 

Following isolation, mitochondria from plant tissue can be shown 
to oxidize NADH, malate, succinate, isocitrate, and a-oxoglutarate 
(Bonner, 1967); and often at a rate higher than those obtained with 
animal mitochondria. The inclusion of thiamine pyrophosphate, (TPP) is 
necessary, however, for oxidation of a-oxoglutarate in mitochondria from 
etiolated seedlings. 

The rate of these oxidations is greatly affected by the presence 
of ADP. When ADP is not limiting the resultant respiration is termed 
"state 3," as opposed to the ADP-limited "state 4." As described 
earlier, the respiratory control ratio (RCR), which is the oS 
ratio, indicates the extents of mitochondrial intactness and coupling of 
oxidation to phosphorylation. The RCR in intact mitochondria, (see 


Ikuma and Bonner, 1967), for succinate as substrate is generally 3-5, 
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with malate (4-6), NADH (3-4) and much greater (8-15) with a-oxoglutarate 
as substrate (see Phillips, 1971). 

The ADP/O ratios for different substrates utilized by plant mito- 
chondria are similar to those of animal mitochondria (Ikuma and Bonner, 
1967). The ratio should be very close to 2 for succinate, 3 for malate 
or NADH and 4 for a-oxoglutarate. When the mitochondria are uncoupled 
or loosely coupled, however, the ADP/O ratio is greatly reduced as a 
result of a faster turnover of ATP (Racker, 1970). 

B. Other Energy-Linked Functions of Plant Mitochondria 

- Besides the production of ATP in mitochondria, there are a number 
of other energy-linked functions in mitochondria - namely, ion transport, 
reversed electron transport, transhydrogenation and swelling and con- 
traction. Most of the research in these areas has been carried out on 
animal mitochondria. 

As in any biological area, the attempt to relate structure to 
function is always paramount; however, the biophysical nature of energy- 
linked functions poses problems of structure-function relationships 
that we are just now beginning to understand. 

C. Mitochondrial Membranes 

1) Similarity to Membrane Models: Many synthetic membranes 
have been investigated with the objective of reproducing the biological 
system (Huang et al., 1964; Mueller et al., 1964; and Henn, 1970). 
Until quite recently the membrane model, advanced by Davson and 
Danielli in 1935, has been regarded as the best representation of how 
biological membranes look. This model, in essence, is based on a 


bimolecular lamella of phospholipid - with hydrocarbon chains constituting 
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the middle of the membrane, and the hydrophilic portion of the phospho- 
lipid bounded by protein. 

Various researchers, such as Green and co-workers (1966) have come 
to dispute this hypothesis. Green reasons that a eietoas Structure must 
exist in mitochondria. This would be necessary to accommodate his 
observations that: mitochondrial membrane proteins bind hydrophobically 
to phospholipids in a precise stoichiometry, and two, membranes can be 
fragmented by detergents into homogeneous lipoprotein complexes. Both 
Davson's and Danielli's, and Green's models have certain merits. With 
recent experimentation on membrane models, Danielli's model has survived 
surprisingly well. (See review by Thompson and Henn, 1970). 

In comparing the physical properties of a biological membrane and 
an artificial lipid bilayer model, striking similarities can be seen. 
This adds support for the bilayer model for biological membranes 
(Thompson and Henn, 1970). The greatest discrepancy between the actual 
and the model membranes occurs in measurements of electrical resistance. 
The lipid bilayer model shows a resistance of 3 to 5 orders of magnitude 
larger than naturally occurring biological membranes. Also, the perme- 
abilities for the alkali metals in bilayer models are all about the same. 
In contrast, in biological membranes, there are very marked differences 
in peremeabilities to different cations. A most interesting phenomenon 
results when the electrical resistance of these artificial membranes 
is lowered by the presence in the bilayer of methanol, a substance with 
a relatively high dielectric constant. lon selectivity can result 
(Miyamoto and Thompson, 1967). An examination of dinitrophenol (DNP) 


effects on model lipid bilayers shows that DNP can lower the electrical 
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resistance of the structure by an amount that would be sufficient to 
account for the uncoupling in mitochondria. (Bielawski, Thompson 

and Lehninger, 1966). Other uncouplers have been found to have the 

same effect on bilayers. Furthermore, the decrease in resistance 
results exclusively from increased H* and/or OH conduction (Hopfer 

et al., 1968). Miyamoto and Thompson (1967) observed that Fe’** at 
107M lowers the electrical resistance of a lecithin tetradecane bilayer 
by a factor of 10°. Furthermore the bilayer showed anion selectivity. 
Cations such as cae Mn’, and Cu’. increase the electrical resistance 
of phosphatidyl choline membranes. Results for model membranes similar 
to the very high discrimination among cations by biological membranes 
have not yet been reported, except for experiments employing a number 
of macrocyclic peptides on bilayer membranes. Mueller and Rudin (1967) 
observed that valinomycin, a cyclic polypeptide, produced a larger 
increase in permeability of K* than Na’ in model membranes. Andreoli 
et al. (1967) showed that there is a drop in resistance of 5 orders of 
magnitude in a model lipid membrane, and that the selectivity for K 
was 200-300 X larger than Nat in the model. Also the order of permeability 


of other alkali metals was the same as that observed in most biological 


membranes, i.e. 


Put > Pant > Put > noite > Prat > Pi at 


Valinomycin, meanwhile, has been shown to uncouple oxidative phosphoryla- 
tion and stimulate respiration in animal mitochondria (Pressman, 1965). 
These effects are associated with an uptake of Kt and extrusion of Ht. 


Although model membranes can only be regarded as an approximation 
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of biological membranes; their use in developing structure-function 
relationships should not be underestimated. 

2) Structure of Mitochondrial Membranes: With the development 
of the electron microscope it became possible to study the structures of 
mitochondrial membranes in great detail. Unexpectedly scientists found 
that mitochondria contained an inner membrane in addition to the outer 
bounding membrane. 

Various research efforts have identified particular pathways and 
enzymatic activities with different parts of the mitochondria. Clearly 
the components of the respiratory chain and oxidative phosphorylation 
are bound to the inner membrane and must be spatially arranged in 
ordered arrays. 

The work of Racker and collaborators (See Review Racker, 1970) 
have identified a protein molecule with high adenosine triphosphatase 
(ATPase) activity and found it to be associated with the inner membrane. 

The fine structure of mitochondrial membranes is far from being 
understood. The fact that nearly all the lipid can be extracted from 
the inner membrane and yet the remaining protein maintains the “unit 
membrane" structure is indicative of the important role protein plays 
in membrane structure (Fleischer et al., 1967). 

In order to account for the observed properties of the mitochondrial 
inner membrane the Danielli model has to be-refined somewhat. Assuming 
the lipid bilayer is the structural backbone and the general permeability 
barrier, there must be local modifications or special sites on the 
membrane to account for observed permeabilities. Various proteins are 


bound to both sides of the lipid surfaces in ordered arrays such that 
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they can carry out highly specialized functions. 

The outer membrane of mitochondria can be shown to have very 
different properties than that of the inner membrane in animal mito- 
chondria at least, where most studies have been done. The outer 
membrane is apparently permeable to substances both charged and un- 
charged, with molecular weights up to 10,000. The inner membrane has 
very restricted permeability except to small molecular weight uncharged 
molecules.(Klingenberg and Pfaff, 1966; Werkheiser and Bartley, 1957). 

The outer membrane bursts in hypotonic solutions rather than 
unfolding as the inner membrane does. This principle has been employed 
in separating the two membranes (Parsons, et al., 1966). The most 
distinguishing feature of the two membranes chemically lies in their 
lipid composition. The outer membrane in animal mitochondria contains 
about 45% phospholipid by dry weight, or two to three times more phos- 
pholipid than the inner membrane (Parsons and Yano, 1967) with the bal- 
ance mainly protein. It is quite apparent that the inner membrane, 
in which resides most of the enzyme machinery for substrate oxidation, 
respiration and energy conservation, is most important in the present 


study. 


V. Ion Transport 

A. Ion Transport Antibiotics 

The fact that certain polypeptides and other compounds are capable 
of changing the electrical resistance of biological membranes has 
already been pointed out. Although the resultant cation selectivity of 


the membrane is probably related somehow to decreased membrane resistance 
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for certain uncouplers, the mechanism of action of ionophores* such as 
valinomycin, nigericin and gramicidin is probably different (Lauger, 1972). 

It has been suggested that the peptide ring of valinomycin acts as 
a hydrophobic cage for a particular ion, and thus permits it to pass 
through the hydrocarbon portion of the bilayer (Mueller and Rudin, 1967; 
Lauger, 1972). In this way valinomycin acts as an enzyme; that is, it 
reduces the extremely high energy barrier that must be surmounted for 
the transport of an alkali ion across the hydrophobic interior of a 
lipid membrane. Although the affinity of K* for the central cavity of 
valinomycin is rather low, valinomycin is an effective carrier because 
of its high turnover number (Lauger, 1972). A single molecule of 
valinomycin is capable of transporting i0¢ K ions per second. 

Although it is interesting to speculate that actual biological ion 
carriers may be of a chemical nature similar to valinomycin and enable 
passage of specific ions through the membrane; this still does not 
explain the mechanism of active transport. The increase, in permeability 
of a membrane to an ion does not explain accumulation of that ion. 

At least some of the other ionophores probably act in the same way as 
valinomycin. Monactin and enniactin B share a common property with 
valinomycin; they are macrocyclic molecules in which one side of the 
ring is hydrophilic, the other hydrophobic. Also, they are capable of 
forming complexes with alkali ions to a high degree of specificity. 


B. Ion Transport as Viewed by the Chemiosmotic Hypothesis 


During electron transport, hydrogen ions are transported to the 


* P : F 
Ionophore is a term introduced by Pressman which refers to a 
special class of antibiotics that facilitate transport of specific ions 
across membranes. 
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outer phase of the membrane so that a proton gradient is formed. The 
membrane prevents the protons from moving back into the inner phase 
except in stoichiometric exchange via carriers for a cation (termed 
"antiport" transport), or accompanied by an anion ("symport"), 
electrical neutrality thus being maintained. If these latter processes 
were to occur very quickly the chemical gradient of the protons may be 
nearly dissipated; but the total membrane potential as a result of the 
gradients of other ions remains high. Now if an anion is introduced on 
the negative side and a cation on the positive side of the membrane 

and each moves to the opposite side (termed “uniport" transport) a 
dissipation of the membrane potential results. With the loss of mem- 
brane potential, more protons can now be released through operation of 
electron transport. In such a case the H” gradient tends to be maxi- 
mized, while the membrane potential component is minimized. Together, 
the proton gradient component and the membrane potential, provide the 
"high energy intermediate" of ATP synthesis. Mitchell suggests that 
the high-energy intermediate of mitochondria is almost entirely an 
electrical potential with the pH component being only minimal. Support 
for this arises from work of Addanhi and Sotos (1969) and Lardy and 
Ferguson (1969), which indicates that there is a minimal pH gradient 
across the mitochondrial membrane although the system readily phos- 
phorylates ADP. Thus the original H* gradient must be transformed to 
electrical potential presumably by a rapid antiport transport of Pi or 


other anions (Palmieri et al., 1970, Papa et al., 1969), or possibly 


by a Na’/H” symport exchange (Mitchell and Moyle, 1969). 


As already discussed, if valinomycin is added to a mitochondria 
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Suspension in the presence of respiratory substrate; K* moves into the 
mitochondria via an electrically neutral complex. The amount of Kr 
transported is very small, unless one of the following applies: 

an anion can move with K", a cation moves out of the mitochondrion, or 
an opposite electrical potential is somehow applied. 

Although some researchers (see Henderson, 1971) think that net 
cation transport occurs only under these rules, Pressman (1970) feels 
that valinomycin acts by increasing the supply of K to an energy- 
linked K" pump. It is possible that operation of a K*-ATPase can act 


as such a pump. 


C. lon Transport in Mitochondria 


1) General Ion Transport: Work on ion transport in plant mitochondria 
has been carried out largely by Hanson and co-workers (e.g. Truelove and 
Hanson, 1966) and Yoshida et al. (1968, a, b). Some of the more intensive 
investigations on animal mitochondria were done by Chappell (e.g. Chappell 
and Haarhoff, 1967), Lehninger (e.g. 1970), and Pressman (e.g. Harris 
et al., 1966). The relationship between ion transport and energy conserva- 
tion appears to be an intimate one, although the biophysical nature of it 
makes 7t complex. 

Although various types of ion transport in mitochondria were ex- 
tensively investigated in the 1950s, ion transport by mitochondria was 
regarded mostly as an interesting curiosity and was not thought to be 
related to electron transport because of the lack of a consistent 
stoichiometry. Then in 1961, Vasington and Murphy discovered Cay” 
could be accumulated in large amounts by respiring liver and kidney 


: . : be 
mitochondria. This was considered rather amazing since Ca_ had 
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previously been shown to inhibit phosphorylation (Lehninger, 1949). 
With Mitchell's presentation of the chemiosmiotic hypothesis and with 
the demonstration that protons could be ejected during the energized 
uptake of car Mg’, Mn**, and ra (see review Pressman, 1970) it 
became apparent that ion transport might be intimately related to 
electron transport through the proton pump. Recent reviews on the 
current status of ion transport include those of Henderson (1971), 
Lehninger et al. (1967), Harris, Judah and Ahmed (1972), and Moore 
(1971; also 1972). 

The inner membrane of the mitochondrion is believed to be the site 
of specific translocators for various charged molecules that cannot 
readily diffuse through this membrane. Among the anion translocators 
described by Chappell (1968), are those for phosphate, malate, suc- 
cinate, a-oxoglutarate, citrate, isocitrate, glutamate, and aspartate. 
In addition, Klingenberg and Pfaff (1968) demonstrated an atractylate 
sensitive ATP-ADP carrier system. The inner membrane,is also the 
binding site for various divalent cations (Thomas and Greenawalt, 1968), 
which are transported in an energy facilitated process. It is also the 
site for different ionophores that facilitate transfer of univalent 
cations (Lehninger, Carafoli, and Rossi, 1967). 

2) Potassium Ion Transport: Potassium is an element that is 
required to a great extent by growing plants. An external concentration 
of potassium of the order of 107°M is usually sufficient to support 
normal growth, but only because the plant's roots have the ability to 
accumulate potassium in concentrations from 100 to 1,000 times those 


in its environment (Price, 1970). Some thirty or so enzymes require 
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activation by alkali ions. In most cases K" is the most powerful 
activator. Pyruvate kinase for example attains maximum activity in the 
presence of 50 mM ey which is approximately the internal cellular con- 
centration of K” (Evans and Sorger, 1966). 

Pressman and Lardy (1952) were the first to report that animal 
mitochondria contained a high concentration of Kom Later, Stanbury 
and Mudge (1953) showed that mitochondria were able to accumulate K~ 
ion in the presence of oxygen and substrate. Furthermore the K* uptake 
could be abolished by low levels of DNP. After a period of stagnation, 
work on ion transport became revitalized with Mitchell's proposal of 
the chemiosmotic hypothesis. 

Christie and co-workers (1965). showed that animal mitochondria 
depleted of K* could accumulate K* against a concentration gradient in 
the presence of ATP and MgCl... The discovery of antibiotic-mediated 
ion transport in mitochondria was’ made by Moore and Pressman (1964). 
Valinomycin was shown to induce an energy dependent uptake of K* in 
isolated mitochondria. In subsequent work (Cockrell et al., 1966; 
Harris et al., 1966), the K* movements were monitored by the use of 
specific ion electrodes. Changes in sodium ion concentration, pH, 0, 
utilization and mitochondrial volume were monitored simultaneously. 
Potassium ion uptake was detected in the presence of reduced nicotinamide 
adenine dinucleotide (NADH) but efflux occurred with the addition 
of rotenone. When ATP was added in the presence of rotenone, K uptake 
was again sustained. Oligomycin could not block the uptake of K* when 
NADH provided the energy, but did block the ATP-induced uptake. Thus it 


appeared that ATP sustained Kt transport through an energy transfer to 
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the high energy intermediate. 

When K* is taken up by rat liver mitochondria, fluorescence data 
indicates the mitochondria begin to swell (Harris et al., 1966). 
Recently, Wilson et al. (1972) have examined the effects of addition 
of valinomycin to plant mitochondria on respiration and swelling. 
Valinomycin facilitates the energy-dependent uptake of Kr with a con- 
commitant increase in rate of respiration and swelling. When respira- 
tion is terminated and the gradient lost, osmotic contraction follows. 

The energy required for the influx pumping of Kes as induced by 
valinomycin, has been determined by a number of workers (Pressman, 

1965; Cockrell et al., 1966; Rossi and Azzone, 1969) in animal mito- 
chondria and recently by Kirk and Hanson (1973) in plant mitochondria. 
Values for the number of K” transported per high energy bond utilized (.) 
have differed from 3.2 to 7.9 in animal mitochondria; and from .58 to 

Bae KT Jv in corn mitochondria. This lack of consistency of stoichiometry 
for ion transport argues against the chemiosmotic hypothesis. However, 
changes in other energy-dependent reactions could affect the stoi- 


chiometry as could the degree of coupling. 


D. ATPase and Mitochondrial Ion Transport 


When mitochondria accumulate ions against a concentration gradient, 
an expenditure of energy is required. This energy could be supplied 
either by ATP or directly through the electron transport chain. Lately, 
various groups have attempted to link jon transport with ATPase activity 
(a non-specific term that refers to an enzyme that hydrolyzes ATP.) 

Since cotyledonary tissue provides the nutrients for the actively 


growing seedling, Lat and Thompson (1972) proposed the idea that energy 
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for transport of these nutrients from the cotyledon would be obtained 
by hydrolysis of ATP. They found that both basal and Na’-K’-stimulated 
ATPase were present in bean cotyledon tissue and increased in activity 
up to day two after imbibition followed by a gradual decrease to day 
10. Phillips (1971) noted that ATPase activity in pea cotyledon 
mitochondria increased to a maximum five days after imbibition, the 
same time that mitochondria show the highest respiratory activity. 
These results are consistent with the expected role of cotyledon ATPase 
in supplying energy for the transport of nutrients to other parts of 
the seedling. 

Lehninger (1972) suggests that membrane ATPases might have evolved 
from cell membrane transport ATPases whose original function was to use 
ATP to transport nutrients or ions into the cell. Later the cell learned 
how to reverse the process as well - that is, how to pump ions to make 
ATP. This idea might explain why the mitochondrion preferentially uses 
energy to pick up Care. rather than phosphorylating ADP when both are 
available (Rossi and Lehninger, 1964). 

Wenner and Hackney (1969) showed that an uptake of Na” and KT in 
mouse liver mitochondria correlated with ATPase activity. The possibility 
is suggested that addition of an ionophore makes Na’ and K* available on 
the membrane to activate the ATPase, which otherwise is protected from 
the ionic environment by the membrane. Phillips (1971) also found a 
stimulation of mitochondrial ATPase with an ionophore, valinomycin. 

It was shown to stimulate the K*-ATPase and the Na + K'-ATPase but 


not the Mg’ -ATPase activity. 
Cordes and workers (Jain et al., 1969) added ATP and a purified 
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Na’-K" ATPase preparation (from synaptic vesicles of the rat brain) 
to a two compartment system separated by a black lipid membrane. An 
active transport of Na” and/or K occurred across the membrane, in 
proportion to the concentration of ATP. Furthermore ouabain, which 
inhibits ATPase activity, decreased the Na’ and K transport. 

Cockrell and workers (1967), and Rossi and Azzone (1970), have 
shown that dissipation of a potassium gradient can be utilized to make 
ATP. This might be through reversal of a K*-stimulated ATPase, although 
later work indicates that an uptake of H* occurs, and it is this that 
drives ATP synthesis (Cockrell, 1972). Thus there is at least some 
evidence that ion transport is related to ATPase activity. In such a 
case ion transport in mitochondria probably affects, or may even exert 


some control, on respiratory activity. 
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MATERIALS AND METHODS 


I. Growth Conditions and Plant Material 

Various types of plant tissue have been used as a source of 
mitochondria. It was decided to use etiolated cotyledonary tissue of 
pea (Pisum sativum L. var. Homesteader) as a source of mitochondria 
for this work. It has had the advantages of being readily available, 
reproducibly grown in a short time, and may be easily harvested at a 
relatively uniform age. The structural development and physiological 
activity of mitochondria from this tissue is known from work of Solomos 
et al., (1972) and Phillips (1971). These workers were able to obtain 
from etiolated pea cotyledons mitochondrial preparations with a longer 


than normal in vitro life and showed no loss in respiratory chain 


components. 

A supply of the untreated seed was obtained from a local seedhouse 
(Seed Centre Ltd., Edmonton) and was stored in a cold room prior to use. 
Sufficient seeds to yield 300 g fresh weight cotyledons were placed in 
water and allowed to imbibe water. After soaking four hours, the seeds 
were planted in peat flats in horticultural grade vermiculite. Germina- 
tion was at 26° in the dark. Daily watering was handled by the green- 


house staff. The tissue was called one-day old 24 hours after planting. 


II. Isolation of Mitochondria 

Cotyledons were picked from five-day old tissue since they yield 
mitochondria of maximum respiratory parameters (Phillips, 1971) and 
were harvested just prior to isolation of mitochondria. Seedcoats, 


hypocotyls and epicotyls were removed and the cotyledons washed in tap 
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water, rinsed with distilled water and kept cold prior to maceration. 

The grinding medium was of the following composition: 0.5 M Mannitol, 
2 mM EDTA, 0.5% w/v BSA (b grade), and 50 mM N-tris(hydroxymethy] )- 
methy1-2-aminoethanesulphonic acid (TES) with buffer pH adjusted to 7.4 
at 0° with N-tris(hydroxymethy1)-aminomethane (Tris). 

One hundred and fifty grams of cotyledons were ground in 300 ml 
grind medium for each isolation. By use of an ice-cold mortar and 
pestle and chilled "grind medium", temperature throughout the grinding 
remained between 0 - 3°C. Extreme care was taken during maceration to 
prevent damaging of the mitochondria. Best results were obtained by 
allowing the pestle to gently fall from 1% - 2 inches above the bottom 
of the mortar at the rate of 120 strokes per minute. Grinding time 
was eight minutes. The brei was strained through one layer of miracloth 
previously rinsed with distilled water. 

The resulting filtrate (about 250 m1) was quickly edge-loaded onto 
a Ti-XIV zonal rotor spinning at 1500 rpm at 2° C in a Beckman Spinco 
L2-65B centrifuge. A sucrose step gradient followed, with steps made 
up of 50 ml of 20% w/w sucrose, 50 ml of 30% w/w sucrose, 50 mi 35% 

w/w sucrose, 100 ml of 37.5% w/w sucrose and sufficient 41.5% w/w 
sucrose to completely load the rotor. In order to maintain high values 
for respiratory parameters it was found necessary to include .1% BSA 

in all the sucrose steps, as well as tncluding sufficient TES (made to 
pH 7.4 at 25° with Tris) to bring the pH of the sucrose solution to | 
fice AS 

After the rotor was loaded at 1500 rpm the rotor was speeded up 


to 5000 rpm, capped and taken to speed. Centrifugation was for one 
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hour at 37,000 rpm. After deceleration the rotor was then edge- 
unloaded at 1500 rpm by use of 50% w/w piston sucrose. An LKB Uvicord 
(type 4701A), connected to a Beckman 10 mv potentiometric recorder, was 
used to monitor protein peaks tn the elutant. The protein peak cor- 
responding to the fraction from the interface of the 37.5% and 41.5% 
steps was saved for subsequent work. Electron microscopy and measure- 
ment of enzymatic activities indicated this was the mitochondrial 
fraction. 

The fraction was diluted with cold distilled water and rapid 
stirring to an approximate 20% sucrose concentration. The sample was 
centrifuged at 20,000 x g for 10 minutes and the resulting pellet re- 
suspended in suspend buffer. The suspend buffer was of the following 
composition: 0.3 M mannitol, 1.0 mM EDTA, and 25 mM TES, with the pH 
adjusted to 7.2 at 25° with Tris. In order to give a concentration of 
10 mg mitochondrial protein per ml, 3 ml of suspend buffer was used..- 
When comparisons of this zonal mitochondrial preparation with a crude 
mitochondrial preparation were made, Phillips'(1971) method of 
isolation of the crude preparation was used. Most of the chemicals 
used in the present work were of the highest purity obtainable and 
were purchased primarily from Fisher Scientific. Special chemicals 
that were purchased from Calbiochem included BSA, Antimycin a, and 
valinomycin. Rotenone, TES, Tris, oligomycin, NADP and the hexokinase, 


glucose 6-P dehydrogenase enzyme mixture were purchased from Sigma. 


III. Measurement of Mitochondrial Respiratory Parameters 


Mitochondria isolated by the above procedure were tested for the 


respiratory control ratio (RCR), ADP/O value and oxygen utilization. 
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These values were measured at 25° with a Model 53 Biological Oxygen 
Monitor (Yellow Springs Instrument Co., Yellow Springs, Ohio) equipped 
with a Clarke oxygen probe. The apparatus was connected to a Beckman 
100 mv potentiometric recorder with a chart speed of 0.5 in. per minute 
to provide a continuous tracing. The assay was made in 3.2 ml of assay 
medium with the following concentrations: 0.3 M mannitol, 4 mM MgCl.» 
5 mM KH,PO) » Siiorent: | ous to adjuse tie phe to 7.c atee25 , in 
addition one of the following substrates was included: 8 mM succinate, 
8 mM a-oxoglutarate (with 5 mM malonate and 0.07 mM thiamine pyro- 
phosphate (TPP), or 8 mM malic (with 0.07 mM TPP). 

RCR values were determined from the ratio of the oxygen utilization 
in state III over the oxygen utilization in state IV. ADP/0O values 
were obtained by calculating the nanoatoms of 0 consumed, sustained by 
the addition of 250 umoles ADP. The concentration of oxygen in air- 
saturated assay medium was assumed to be 225 uM at 25° following calcu- 
lations and testing reported by Stinson (1968) and Phillips (1971). 

The activity of catalase was assayed polarographically by use of 
a slightly modified version of the method of Breidenbach et al. (1968). 
To 4 ml of 0.1 M phosphate buffer, pH 7.0 which had been previously 
freed of oxygen by boiling followed by cooling under nitrogen, 5 ymoles 
of H,0, were added. To this mixture, 50 ul of enzyme solution were added. 
The rate of oxygen evolution (in umoles 05 formed per milligram protein 


per minute) was calculated from the initial linear portion of the 


recorder tracing. 
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IV. Measurement of Ion Uptake 


The early work of Pressman (1967) provided the basis for design 
of equipment employing ion selective electrodes for monitoring ion 
activity measurements. A YSI water bath assembly was modified so that 
a custom built glass vessel of 1.75 inches inside diameter would fit 
snugly into the top of the bath (Fig. 2 ). The vessel was designed 
to include a shallow well for a circular magnetic stirrer and another 
well] to accommodate the lower part of the bulb of the pH electrode. A 
plexiglass probe assembly was also custom built to hold the various 
electrodes and when fully inserted into the glass vessel, provided 
space for an assay mixture volume of 10 ml + 2%. The probe assembly 
provided for the simultaneous measurement of K*, Na’, pH and 05 con- 
centration when the appropriate electrodes were used. The K* movements 
were monitored with an Orion Model 92-19 liquid-membrane potassium elec- 
trode connected to a Radiometer Model 26 Expanded Scale pH Meter. 
Although the electrode's principle of operation is based on valinomycin; 
no interaction between the valinomycin of the electrode and that in the 
test system occurred. Output of the pH meter was recorded on a single 
channel on a Texas Servo Riter dual pen recorder. Equipment electronics 
necessitated the incorporation into the circuitry of a 100 mv turnpot 
(built by the Technical Services Department of the University). (See 
appendix re: Calculation of K* uptake.) Oxygen concentration was 
monitored by a Clarke oxygen probe connected to a YSI Biological Oxygen 
Monitor, and recorded on the other channel of the dual pen recorder. 
For numerous reasons as discussed later, the Na’ movements were not 


routinely monitored. Solution pH was routinely monitored with an 
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Apparatus for measurement of potassium, sodium, pH and 
oxygen. Closeup of probe assembly shows: a) Kr electrode; 
b) combination pH electrode; c) Na* glass electrode; 

d) Clarke oxygen probe; e) glass reaction vessel and 

f) modified YSI waterbath assembly. 
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A. H. Thomas L 15 4858 Combination pH Electrode connected to a 
Radiometer Model 28 pH meter with pH changes recorded on a Beckman 
10 mv potentiometric recorder. (See appendix re: Electrodes). The 
reference element of the pH probe was used as the common. reference for 
the other two electrodes. 

The use of ion selective electrodes provided a rapid, sensitive, 


and continuous monitoring of changes in ion activity. 


V. Estimation of ATP 

A fluorometric assay for the estimation of ATP was carried out 
after termination of mitochondrial reactions with perchloric acid. 
This was followed by extraction and assay of ATP fluorometrically fol- 
lowing the method of Estabrook et al. (1967). The technique permits 
multiple sampling during a single experiment as well as multiple assays 
On each sample. 

Synthesis of ATP was studied in a reaction vessel at 25°C with 
mitochondrial protein concentrations approximately 1 mg per ml. At 
specified times, an aliquot of the reaction mixture (usually 1.0 m1) 
was removed from the reaction vessel and pipetted to 2 ml of 7% per- 
chloric acid in a conical centrifuge tube. After a waiting period of 
10 minutes in ice, the samples were centrifuged at 1200 x g for ten 
minutes. An aliquot of 2.0 ml was carefully removed and pipetted to 
a small beaker. The samples were neutralized with constant stirring 
to a pH of 7.0-7.2 with a neutralizing buffer with the following con- 
centrations: 0.5 M triethanolamine, (adjusted to pH 7.4 with HCl), 
and 0.67 N KOH. Approximately 1.8 ml of buffer was required for 


neutralization of sample. Following a 15 minute storage period in 
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ice, the samples were centrifuged to remove potassium perchlorate. The 
clear supernatant was stored in the cold until used for the assay of 

ATP. An aliquot (usually 0.3 ml) was removed and added to a cuvette 
containing 4 ml of buffer of the following composition: 50 mM triethanol- 
amine, (adjusted to pH 7.4 with HC1), 10 mM KCl, 10 m™ MgoC15+ 100 umoles 
NADP, 10 umoles D-glucose. The cuvette was placed in a Turner Model III 
Fluorometer, and the background fluorescence compensated for through 

the instrument circuitry. A small volume (representing 1 unit enzymatic 
activity*) of a hexokinase, glucose 6-phosphate dehydrogenase (2:1) 
enzyme mixture was added to start the reaction. The increase in fluor- 
escence was monitored on a Beckman 10 mv potentiometric recorder and | 
compared to the fluorescence on addition of 5.0 nmoles of ATP from a 


standard solution. -The filters used transmitted at 366 m and <420 m. 


VI. Determination of Protein 

The Lowry method for the quantitative determination of protein, 
(Lowry et al., 1951) as modified by Phillips (1971), was used to 
determine mitochondrial sane concentration. Mitochondrial protein 
was first precipitated in each sample by addition of 0.1 ml 20% TCA 
per 0.1 ml of the sample. After a 10 min storage in the cold, the 
samples were centrifuged at 1200 x g for five minutes. The supernatant 
layer was discarded and the pellet dissolved in 0.5 ml 1 N NaOH. The 
volume was made to 1.0 ml with distilled water. Five ml of a mixture 


that was 0.02% CuSO, » 0.04% in potassium tartarate and 4% Na,C0, 


*One unit will oxidize 1.0 umole of glucose-6-P0, to 6-Phos- 
phogluconate per min at pH 7.4, 25°C, in the presence of NADP. 
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(in 0.1 N NaOH) was added, and the mixture incubated for fifteen 


minutes at 25°C. Subsequently 3.5 ml water and 0.5 ml of a 1.0 N phenol- 


water mixture (1:1 v/v) was added to each tube. Following a thirty 
minute incubation at room temperature the optical density of the solution 


was measured at 750 nm on a Beckman DU spectrophotometer. Human serum 


albumin was used as the standard. 
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RESULTS 


I. Preparation of Mitochondria by Zonal Ultracentrifugation Techniques 


A. Isolation of a Zonal Fraction 

In the present investigations a relatively large amount of mito- 
chondrial protein of high purity was required. Since zonal techniques 
can be employed to satisfy these criteria, an investigation into the 
most suitable conditions for a zonal isolation of mitochondria was 
carried out. As it is important to work quickly when isolating 
mitochondria the possibility of avoiding any time-consuming steps was 
also investigated. 

In preliminary investigations, use of a continuous gradient did 
not prove satisfactory for isolation of a mitochondrial band with high 
resolution*. Since a step gradient is the method of choice for isola- 
tion of particles as large as mitochondria and chloroplasts, (M. 
Griffith, personal communication), a step gradient was employed. 

A graph (Fig. 3) of transmittance versus volume of elutant showed 
good resolution in a run where 100 ml crude homogenate was center- 
loaded on 50 m1 20%, 50 mi 30%, 50 ml 35% and 100 ml 37.5% followed 
by 200 ml 41.5% and 100 ml 48% w/w sucrose bands. In order to isolate 
a greater quantity of mitochondrial protein, however, an increased size 
in homogenate volume was investigated. It was found that a sample of 
crude homogenate as large as 250 ml could be edge-loaded onto the rotor 
followed by a step gradient with carefully selected volumes for each 

*Resolution refers to the difference in distance between the centers 


of two particle zones divided by the sum of the standard deviations. It 
is greatly dependent on the width of particle zones (Price, 1970). 


35 


NOTE . wil 
~odtm Yo snunue sore! yfavitelet 6 enetyeptizevnt satin slide Loar 
esuptnroeat Tenor sant2 .bevtups+ aew vsrruq gtd to atesosq fait has | 
apt otnt cotisottzovat as ,strsdine seent yteliee of bayolqme sd 69 
2aw sfibaotoottm Yo norsefo2t Fanos 6 10? anottibnos shdsatue bale 7 
enisé fort now yfdotup Atow-ot Insdtoqar et 27 2A .duo botrisg 
26M = primweroa-entt yrs pitbfove to util téhzeoq odd strboorioottm _ 


-batapitesvat o2[s 
bib inotbeip 2uountinoo s to s2u ,enottepisesvnal yreninh fang at . ni 
dott cttw baed fsisbnodzostm 5 Yo sotisloet 10% yvosostetia2 svotg ton : 
~plozt ot sofoda To boritsm sit ef Josthsip qet2 s aonte .*notsuloesy © ; 
.N) .2d@efqovolt bie sfrbaodsottm <a spreh 26 eafatirsg to mole” F 
-bsyofgis zew tnetbery cate 6 .(nobtacteuwnps fenogisg ASV ID iy ’ 


>} 


bowore tnsjule to siulov 2uvevev sansdsimenend to (£ .oP9) nqseip A | ea 
“1sInsy e6W egensponod sbut> fm Col stedW nev 6 at noftufoze) boop i 
bawoffo? #2.%E fm GOL bas F8E fm 02. XOE fm 62 ROS fm O28 aan 
atefozt o¢ yebvo ni .2basd ovordi2 W\w XOA Tn OOL baw 8.50 fo OOS yo 
gste bsessroat ns ,ysvewod ,ntatorg [sivbnodsosim to yrtrqsup rodserD 
40 sfotise 6 ted+ bavot vew 1 =, bedepiteavat zew omuloy szanogonod ot : 
todo" sf otno bsbsol-sobs od bfuo> Tm OSS 26 sys! 26 steHmpomod st ria 


rose “ot zouulov badasise fetta matore gste 8 yd mot or 


é 


’ 
UL) 
+H 
: 


z 


36 


step such that good resolution of the mitochondrial fraction was 
obtained. The sample was loaded onto the rotor in a matter of only 

a few minutes by employing the centrifugal force of the rotor as a 

pump. By edce-loading the sample, starch granules present in the 
homogenate sedimented rather quickly onto the walls of the rotor. 
Disruption of the gradient (that could have occurred when the sample 

was center-loaded onto the rotor) was thus avoided. An overlay solution 
was found unnecessary with the large sample. Centrifugation at 37,000 
rpm for one hour provided a good separation of mitochondria from other 
cellular debris. Following centrifugation the rotor was unloaded 
through the center line and the elutant monitored for peaks of low 
transmittance. A photographic reduction of a tracing of the volume 

of elutant versus transmittance is shown in Fig. 4. A strong absorbance 
peak showed in the region of the interface of the 37.5% and 41.5% w/w 
sucrose bands. This was considered to be the mitochondrial band in view 


of work of Solomos et al. (1972). 


B. Examination of the Zonal Fraction 

An electron micrograph of organelles present in this band is shown 
in Fig. 5. Little contamination by sub-cellular organelles other than 
mitochondria is present. Also most of the mitochondria show fully 
developed membranes. 

In further tests of this peak (Table I) the mitochondrial band 
displayed good respiratory parameters in comparison to the values for 
the high density fraction that emerged from the zonal ultracentrifuge 


after the mitochondrial fraction, and the values for a crude mitochondrial 
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Tracing of volume of elutant and transmittance. One hundred 
ml of sample was center-loaded on a Ti-XIV zonal rotor with 

50 ml 20%, 50 ml 30%, 50 ml 35%, 100 ml 37.5%, 200 ml 41.5% 
and the balance 48% w/w sucrose. A 50 ml overlay solution 
followed the sample. Centrifugation was at 37,000 g for 1 hr. 
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Fig. 4. Tracing of volume of elutant and % transmittance. A 
sample of 250 ml of pea cotyledon homogenate was edge- 
loaded into a Ti-XIV zonal rotor followed by 50 m1 20%, 
50 ml 30%, 50 ml 35%, 100 ml 37.5% and the balance, 
41.5% w/w sucrose. Centrifugation was at 37,000 g 
for 1 hr. 
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Electron micrograph of mitochondrial fraction isolated in 
TT-XIV zonal rotor. Mitochondria were fixed in 3% glutaralde- 
hyde 3-4 hours and post-fixed for 2 hours in 2% (0s0,). 

Thin sections were stained in uranyl acetate followed by lead 
citrate. Results show mainly mitochondria present, 23,000 X 


magnification. Mitochondrion (m). 
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preparation. 

In addition the low activity of catalase (H,0,:H,0, oxidoreductase, 
EC 1.11.1.6) present in the zonal mitochondrial band in comparison with 
the other samples was further evidence for lack of peroxisomal contam- 


ination. 


II. Study of Potassium Ion Movements in Mitochondria 
A. Characteristics of the System 
1. Potassium Ion Movements and Oxygen Concentration 


The equipment and assembly used for the study of K* transport in 
pea cotyledonary mitochondria has been previously described (See 
Materials and Methods Section). 

Following equilibration of the potassium electrode with 10 ml of 
assay buffer solution, usually 0.5 mM or 1.0 mM in KCl, mitochondrial 
suspension was added through a narrow port in the probe assembly wall. 
Since the electrode senses the extramitochondrial* Kk” concentration, 
an increase in extramitochondrial K’ concentration would reflect a net 
Kr efflux from the mitochondria. Alternatively, a decrease in extra- 
mitochondrial K* reflects a net Kt uptake by the mitochondria. 

However if the electrode indicated a very rapid change in extramito- 
chondrial K’ concentration (a matter of a few seconds or less), it 

was considered that transport processes were not responsible for the 
concentration change. When a sample from a crude preparation of 
mitochondria was added the electrode very quickly indicated an increase 
in extramitochondrial K’. It was thus assumed that the K” concentra- 
tion of the mitochondrial suspension was higher than that of the assay 


*Extramitochondrial refers to the solution that the mitochondria 
are suspended jn. 
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buffer; thus causing an increase in extramitochondrial K*. When a 
sample of a zonal mitochondrial preparation was used, no immediate 
deflection of the electrode was apparent; hence the K” concentration 
in the suspension must have been very near, or less than, that of the 
assay buffer. 

Following addition of mitochondria, (M ) a small and gradual 
change in extramitochondrial K* was often observed. In some samples a 
small increase in extramitochondrial K’ was detected, while in others 
a small decrease in extramitochondrial K’ occurred while on addition 
of some preparations, no change in extramitochondrial K” occurred. 
This inconsistency was likely related to the internal concentration of 
K in the mitochondria. 

When the potassium electrode reached a stable potential in the 
presence of mitochondria, valinomycin was added (0.5 ug per ml suspen- 
sion) to initiate the induced K* movements (see Fig. 6). Almost im- 
mediately the electrode began to show a linear decrease in extra- 
mitochondrial K* (indicating uptake). The trace gradually tailed off 
until a stable potential was observed. The total time required for a 
steady trace was usually of ls - 2 minutes after addition of valinomycin 
(see Figure 6). (If no mitochondria were present, addition of valino- 
mycin did not cause the electrode to respond hence interaction between 
valinomycin in the electrode and added valinomycin did not occur.) 

The rate of oxygen utilization can also be seen to greatly increase 
at the point of valinomycin addition. It was consistently found that 
valinomycin caused approximately a doubling in oxygen utilization when 


the extramitochondrial K* concentration was 0.5 or 1.0 mM. After a 
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Dual pen recorder tracing of potassium ion movements and 
oxygen concentration. (—) represents potassium ion con- 
centration and (--) shows respiration for a mitochondrial 
preparation suspended in a buffer of the following composi- 
tion: 0.3 M mannitol, 20 mM succinate, 10.0 mM sodium 
acetate, 5.0 mM sodium phosphate and 1 mM KCl with the 
buffer pH adjusted to 7.2 at 25°C with Tris. Potassium 
movements were initiated by the addition of 0.5yg 
valinomycin/ml suspension. Mitochondrial protein con- 
centration was 14 mg/10 ml buffer. Solution was made 


aerobic with addition of 5 umoles H,0,. 
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number of minutes and at the point when the oxygen concentration in 
the solution approached 0%, an efflux of potassium was detected. 

In the present work the efflux of Kr gave rise to an extramito- 
chondrial K" concentration equal to the K concentration prior to 
uptake. The number of nanoequivalents (nequiv) of K" required for the 
observed change in extramitochondrial K* concentration was calculated 
and the result expressed as the 'total' K” taken up or effluxed as the 
case may be. Since it was desireable to know if Kr could again be 
taken up under aerobic conditions it was decided to employ the catalase 
contamination of the mitochondrial preparation (see Table 1) to make 
the solution aerobic. Figure 6 demonstrates that when H,0, was added, 
rapid conversion to 05 apparently took place and the suspension became 
aerobic. At the same time the mitochondria began to take up Kr to the 
same extent, and at approximately the same rate, as that of the original 
uptake. 

It can also be noted that the same thing is repeated throughout 
a third cycle and also into a fourth, although the magnitude of the 
movements began to decrease. One further observation from Fig. 6 is 
that upon addition of 30 umoles of KC] the electrode responded very 
rapidly with a steady trace after a few seconds. This demonstrated 
that electrode and instrument response is not a limiting factor in 
tracing K* movements for the levels of KC] used experimentally. 

2. Reproducibility Among Cycles of the Same Sample 

Even with zonal techniques, the amount of mitochondrial protein 
obtained in a single run was a limiting factor in experiments on Kr 


transport. The possibility was investigated of using the cycles of 
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uptake and efflux as a tool whereby different compounds could be added 
to test their effects on Re uptake in subsequent cycles. 

The data in Table II show that the total amount of K* taken up on 
a nequiv per mg protein basis is the same for each of the first three 
cycles but has decreased slightly by the fourth. Cycle 1 refers to 
the original uptake induced by valinomycin while cycles 2, 3, and 4 
refer to uptake in the transition from anaerobic to aerobic conditions 
with each consecutive addition of Ho0,. The rates are not entirely 
reproducible; however, this is probably caused by error in determina- 
tion of initial rate from the small linear portion of the tracing of 
each movement. ‘Total' efflux of es was always very nearly equal to 
that of the 'total' uptake, as one might expect. However, the rate 
of efflux, which reflected the rate of dissipation of the gradient was 
substantially less than the rate of uptake. 

Thus, the reproducibility of total uptake and efflux throughout 
the first three cycles is demonstrated. Because of experimental error, 
only very large differences in rates were considered to be significant. 

3. Concentration of Valinomycin and Induced Potassium Ion 
~ Movements 

The concentration of valinomycin necessary to initiate a maximum. 
uptake of K* was investigated. Valinomycin present at very low levels 
was able to sustain maximum ion uptake (Table III). Although ‘total’ 
uptake of K* reached a maximum at 0.25 wg valinomycin per ml mitochondrial 
suspension the rate did not reach a maximum until the valinomycin con- 
eentrae ton was 0.5 ug/ml. In almost all subsequent work valinomycin 


was added to give a concentration of 0.5 ug/ml mitochondrial suspension. 


ae ue cata: 


babibe st brua> stinuaqaa dnonat ts wr 5 26 sutta b 
_znfoyp dnaupsadue’ ot atsiqu *X no etoavhe viet ta 0 
no qu nest *N to davoma edad art? Soild wide 14 ofa a 46 oo 
owt S27ft sit Yo dose ot eme2 9% 2t atasd mteton pm Y8q viupeN 6! 
of enatet [ efoyd .ntvuot edd vd _lsderte bowserneb esd tud eefoye 
bh pas .£ ,S 2zeloyp of tdw mfoytontiev yo beoubat eisiqu lantetro sat 
enottibnes shdeiss of shies mov? nots fans afd nt sterqu of nate 
ylatitis Jon 916 2e867 OAT Og Fo noty rhs sviquosanes foes ag tw 
esnitmessd oi aie yd bseves yldsdovg af etit .vevewod pofdtaubowge? 
Yo pntsew sit Yo nofsioq iseMT) (feme ane wer? eter fettiat Yo nots 
o¢ [bupe yvitesn yrav eyiwhs 26 "\ to aul?te ‘fetoT! .snempvom floss 
9361 ont ,1SvewoH .3990x9 drip ono 26 ,sdetqu ‘Tatoe* ont to Seat 
26w Insibsip ols To nofseqizztb to saat ond bados! tet Aatiw -xul?ta to 
.ostqu to aise oft mada e2oT yl letinszaduz 
suodouordt xult?s bas séssqu (stot to yeti tdtoubouqear eid ,2udt 
. Ov reinawrisqxa ie $2U8998 -besettenodeb ef aal ya oovit test ants 
-tneotttret2 ed of beisbtenos ssw ester ni asonsvettth appre! yisy yin 
Nol suFegeso8 booubal bne-ntauiatiey 20 apisertnsono) ..£ 
munhxem & atettini od yreeeanen mfoymntisy Yo aolteinsones BAT | 4 | 
efovel wol yoy Ja Sisezo ntoynont(sV -besepidzevnt 2ew *y Y0 sassqu 
‘Tstos" cipwonaiA .(111 sideT) sdatqu not mumixem atedeuz of side 26w 
feinboomotim Im 199 aroymonttsv pu 88.0 $6 muntxnm « badssey “% to sdlstqu 
~no0 ntaynen ify sttt fiaqu muwtKem s ftaeey 3on bib s¥ey sit ndbensgaue 
AFOMMONETSY Atom Inoupsedue Ths t20mis AT Tau 260) som dortns i 
peony eer aan te Wi hey 


er, 


| 
isl 


47 


“4aji4nq |W OT/uLezoud 
Bw T°G SeM UOLZeUJUaDUOD UL|IOUg “ULDAWOULLeA Bn G°Q pauLeqUOD YOT 7eY} YONS LoURYe %GE UL PaALOSSip 
SPM ULOAWOULL eA “WW G°Q SPM UOLJeUJUaDUOD [JY JdeoxXa JT] aLqey UL Se Bue SUOLZLPUOD UOLJOeaYyY “UOLZLGLQUIL 


4aqge skep G suopa,A}0D payelolza wos UOLZeLOSL awes ay} WOAJ eLUpUOYys0Z IW uOy paquodad auP szLnsay 


ANE g8 | GSZ a: 0°T 
201 SB Ggz $8 "0 
S8 G8 OLT 58 G2°0 
68 ve 08 ve $0°0 


uOLSUadsNs 


ULW/ULdqoud Bu/ALNbeu UL9z0Ud Bw/ALNbeau uLw/bw/ALnbau uLeyzoud Bw/ALnbau LelLupuoyso lw jtw/6n 
XNLJ$q JO 97 RY XNL$SF ,LEFOL, axe7dy JO 97 ey ayeqdn , e301, ULOAWOULLEA 40 
Lelzluy Lerpluy UOLPEAPUBIUND 


SPUSWSAOW UOT UWNLSSeJOg UO ULSAWOULLEA JO UOLZeUZUSOUOD JO S}2D29S$F “LIL F1GVL 


wD wy post 


5G 40 Bex SeUaLOY zncy syAE 


Toy COURTING O-2 XE A5jiUOUACLU" _LOpR,Y CoucsUPUaYON mee ger mB 


+ _Keschiov coeqjsioue aus s2-sU yonj6 (1 excebs noi covoSUgKetION ms2 97> my 


| Boatigre Wes vedoursg You wypocyouqLsd 4Low FNS 2sWs (2O)SF1Ou Low sxTE]Rreq coPAyaqaUe gp aeRe 


48 


4. Reproducibility Among Samples from the Same and Different 
Preparations 


Table IV compares rates and total movements of K* in duplicate 
samples of the same preparation. The data Puskas that fairly re- 
preducible values are obtained for ‘total uptake’ between samples. 
Similar results were found in other preparations. It was noted 
however that fairly large differences could occur for 'total' uptake 


and rates among samples from different runs. 


B. Respiratory Parameters and Potassium Ion Movements 


Since a greater permeability could be inferred to cause a lower 
net uptake an investigation of intactness of mitochondria and their 
ability to take up K* was done. Since the possibility exists that 
potassium ions may simply absorb onto the mitochondrial membranes with 
valinomycin treatment, it was desirable to determine if the observed 
ae uptake could take place in a suspension of mitochondria that had 
lost their intactness and were thus highly permeable to ee The 
potassium uptake ability was thus investigated in a suspension of 
uncoupled mitochondria and a suspension of tightly coupled mitochondria. 

Table V shows that when mitochondria of poor respiratory parameters 
were isolated, they lacked ability to accumulate Kr to any measureable 
extent. Such mitochondria were isolated simply by employing a harsh 
tissue grinding technique during the initial steps of preparation. 
However, when a mild grinding technique was used, mitochondria dem- 
onstrating good respiratory parameters were isolated and exhibited an 


ability to accumulate K* to a measureable extent. Thus it would appear 
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that mitochondria with a high degree of intactness are necessary for 
KT accumulation. 

Although values for the RCR in intact mitochondria should be of 
the order of 3 - 5 when succinate is used as substrate (Bonner, 1970), 
mitochondria were used in experiments on K" transport only if they 
exhibited a RCR of 2.5 or better in the second cycle of ADP addition. 
Only slight differences in K* transport can be seen for mitochondria 


with a RCR of 2.5 as compared with 3.0 or higher. 


C. Sodium Ion and hydrogen Ion Changes During Potassium Movements 


As described in a previous section (Materials and Methods), an 
0, probe, a glass pH electrode for pH measurements and a glass electrode 
for measurement of Na’ were all incorporated into the design of the 
probe assembly so that attendant changes in these variables could be 
monitored. The dependency of ree uptake on the presence of 0, has 
already been discussed. However under the experimental conditions 
employed no changes in pH or sodium jon concentration were observed. 
The sodium ion electrode was highly erratic and slow in response. In 
addition sodium salts of acetate and phosphate were used in the assay 
buffer hence the extramitochondrial sodium concentration was too high 
to detect any changes in concentration of Na’ of the order of magni- 
tude of the KT changes. Although no pH changes as a result of K* 
movements were evident, the pH was routinely monitored throughout most 
of the runs since changes in H* could affect the response of the K* 


electrode, albeit to a limited extent. 
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D. Effects of Different Respiratory Substrates on Potassium Ion 


Movements 

The requirement for a respiratory substrate (Table VI) as well as 
oxygen was further proof that the KT uptake was energy dependent. 
When no substrate was present, no observable K" uptake occurred. 
Succinate has been observed by previous workers in our laboratory 
(see Phillips, 1971) to facilitate a faster 0, utilization than 
either malate or a-oxoglutarate in respiring mitochondria under 
State III conditions. This observation was also apparent in the 
results reported here and is opposite to that reported by Wiskich 
and Bonner (1963) in sweet potato mitochondria. In addition to the 
higher 0, utilization, succinate also sustained somewhat larger ‘total' 
uptake of KT and the fastest rate. Since succinate sustained the best 
K* movements and fastest 05 utilization under conditions reported here, 
“it was decided to routinely employ succinate as substrate in further 


investigations of K transport. 


E. Requirement of Anions for Potassium Ion Uptake 


Harris et al. (1966) have reported that inorganic phosphate is 
necessary to achieve high rates of Kr uptake in mitochondria from rat 
liver tissue. 

AK’ concentration of 0.5 mM was employed in the present work 
(Table VII) to observe the effects of anions on K* uptake since greater 
accuracy in measurement of smal] changes in K concentration could be 
achieved than at higher extramitochondrial K", even though lower ‘total' 


uptake and slower rates are apparent for the former. Chloride supplied 


asin 


+ hidpandivaeiniiiemdaadls eee a 
.insbisesb yovsne cow odedqu “Xft fact Yoav vetew? 2eW NopyxD : 
.bariwooe sAnzqy "A ofdawisede on thang tow adenzedve on! ROM ; 

yoteiodsal two at eisdvow evotverg yd bevisedo nsod ead stontooue - 
fens notsestttiu 59 sstast 6 egustl ios? as (rter <2qni tin? 982) 
yvobnu sirbnorootin gnivigesy at stevsdulpoxo-p 10 stefom “wit ts 
ort ni dosage Oats 2am Motsavesedo etd .enotdtbnon IT ate 
dotd2aiW yd hatvoqey teddy oF sufeeqqo 21 bas syed basioger sstuaen 
ets oF nolifhbs nl ,sithnorootim otatoq jsowe ni (€aRI) vennod bars 

‘Tatod' yopyel tedwomhe bsnleteue o2!s adenfoowz ,nofisstfitu gO voHigtd 

Sead sft bantstenz stentooue soni2 .9%e7 teotes? oft brs 4y to sdesqu 

cav9r batvoqey enoks tongs wobav notaetittu 50 seat_st bne zinemevem 3 

vaddwwt ni stevyedve 26 stentoove yolqme yfentivey ot bsbioeb enw St 
| | .Steqnend * %o enoizeetsteevat 


data sp), muieasg% nok 2noitil Yo snemén tupal "3 

ef sisdga2oilq ainspion? tatty bertoqay aved (901) ifs te atte 

ter ino? sivbaorisotim at oxstqu "Y To eater doh avotiios OF Yasgeadan 
‘vow tnsesrq sity ni bovorgma’ 2éw My 3.0 Yo natgegnssnos “WA 
Vatesip aoqt2 sissqu *% no 2notts YO esoaTs si? evesedo oF (ITV fdeT) 
sd blu nottersqsondo *) nt asgusta (Teme Yo snsmewuasen th (SR IIeS 
"Fegox' vewol dpuodd neve, "A Terrbagilaestaraxe sedotd 96° mane Nevers | 
bei fqque sbtol Ad 13010 ott “ae S18 26264 ay oe | 


Moe ae : lid 


53 


“SUNA U9Y}O UL Pd}OU B4aM S2[NSAU UP] LWLSy 


C1 o6y WW p papn_LouL suazoweued AUOJeULdSeU JO SJUSsWeuNSeaW asauz} UOJ Suajing 

"(aLDAD/Lown GZ°Q) udlaLppe gdy 40 SaLDAD pulLyz pue puodas ay} Jo aHeuare ue WOU} paulLeigO auaM Suazoweued 

AdozeAtdsad AOF SaNLeA ~Yasjng |wW/uULDAwoULLeA Jo BH g°Q jo UuOLZLppe Aq pazeLzLUL sem ayezdn unLsseiOg “SLUL 

pezL_Leujzneouun yyLM 9 GZ 2e 2° Hd OF paisnfpe suamM Suasjng aul “Suajyng azeueyn[Hoxo-% pue ayejeuw au 

Y}Oq UL JUaSeud sem {Wh Q/) BzeYydsoydouAd suLweLyzZ UOLZLppe UT “pazedLpuL sazeuzsqns ayi Jo auo snid [dy 

Ww O°T ‘azeydsoyd wnmipos qu g *9}3e}a9e WNLpOS WW CT SLOZLUUeW PW €°Q  :UOLZLSOdWIOD HuLMOL 10} ayz JO Aaj yng 

2 ¥O S[W OL UL G2 ze ULazoud |LeLupuoYysozLW Bw Z°G YILM aUOp Sem AeSSe YORI “UOLZLGLquL uaqye Shep XLS 
Suopa,A}OD ead pazelOlze wou paze_ost uoLzeuedaud awes ay} wous eLUupuoYydOZLW 4oJ payiodau sue ys NSay 


CC re ee rrr 


os 9€ E53 O42 O€T Wu OZ ezeuezn_boxQ-» *y 

Gar 99 O°€ S2S O9T WH OZ FeLeW °E 

tat 16 O'€ 029 | O12 Wm OZ azeULONS *Z 

re = = 0 0 SUON “T 
O/day stun Co She)s ULW/ULaz0ud Bw/ALNbeu uLazoud Bu /ALnbau 


ULW/UL9}OUd Buf |OwU 
UOLZEZLLLIM CO 


ayey [2201 


oyeuzysqns 


ax4e4df UOT wnissezog uo saqzeuzsqns Auozeurdsay qUadasstq JO F993 “IA FIDL 


AIA = Wtm\nt stor pm\viepsn nfetorq par\vtupen 


- 8 6 


FG Sintoris wort bedetoet nalsstaqatq Smee odd mov? stabaodaotia tot cents 916 ep tuiaal 
befw ML Al 2S te ntetorq [sixbacdoottm pm V0 ftw shob gow yszar isi .notstdtdmt voite 2ysb Ate 
ais »atadgezada otho2 Mn 2 ,ateteos autho: Mtn OF , Fotiunsm M£,0 ata? zoqmes pakwolle? sdf: 70. 


: > 


ised ai Sasesig 2aw ZMy OT} otsnqecdsowg satmetas roltibbs al .bsdeatont esfeitedue sd3 To dae zutg 12 - 
psttierdusennd dvtw ) 28 ts ©.% Ha of betautbs avew eisited sfT .2vst?ud sinisiuigoxo-n bine sieTam aa 7 
wots tiaess xot 2outev  .7sthud Tm\ntoveontfav To pu 2.0 To notdhibs vd bsseisin? esw statqu mutezsio9 .2h7 ioe 
hia oh ald 25.9) notsibie WA to 28foys biids bas broose sdf To sceteve née moTt bonteico Susy ayetonst6d _ 
7 eg fdeM Mm } bobulant 2vetemeisg yvrotesiq2sy to. 2inersibesst aa, _ 

anu 19ns0 nf baton arse tiusin af tata 
= 
= a 


+ 
Ww 


"uassng [Ww OT/bu 9°9 

SOM UOL}RUZUBZDUOD ULIJOUd ‘ £LaAL7e} LyUENb aULUMazap ALazPeundoe 02 YLNOLJJLp duam Saldwes aauy. 2Suly ay? uoy 

S94 JY BOULS ALSALZeIL Lend passaudxa sue sazey °7OePUL JUaM eLUpUOYIOZLW JY 7eYL PpayedLpUL SuszPoweued 

AdozVeUuLdsay “wil G°Q SEM UOL}ZeEUQZUBDUOD 4X Leu4azXx3 “uotsuadsns ,w/uLdAwouLLtea Bn G*Q jo UuoLZLppe Aq 

PSPELZLUL DUOM SPUSWSAOUW WNLSSeJOgG “SLU, YVLM J, "G2 ae 2237/2 09 paisncpe Sem Hd “aAoge UaALhH Se SUOL}eu}ZUSDUOD 

UL SUOLUR BYY Ppue SZEULIONS wwOZ *LOPLUURW WE'D JO HBULYSLSUOD Ussing UOLJIedU e UL J,GZ 7e BUOp sem Aessy 
"UOLZLGUL UdzJe SAEP XLS SUOPa|A}OD ead pazeLOLJa WOUJ PaPELOSL ELUupuoYydOFLW UOJ Paquodeu sue sz[Nsay 


9}e490y WNLpos 


ysey yA WWOT + azeydsoyud WNLpos WWOT *8 
3}e 994 PN 
yses 091 4SeJ OvT WWOT + a}eYydsoUdg WNLpOS WG *Z 
9}e990Y PN 
oer Gel yse} O21 Wg + azeydsoug WNLpos WuigG “9g 
yse4 OIT ayeydsoud Wntpos WwS “Ss 
yses 8 qse4 16 ayeydsoud WNLpos WwG*Z “y 
MOL S ly MOLS lv aye}OOy WNLPOS WWG “E 
MO |S «0 OPl4oLyy WNLpos Wg “Zz 
MOLS ObSs MOLS O€ [OAUOQD °T 
o7eY ULS}OU L peppe (s)3Les 
pi «Let0L, pi 1 Le30L, 
TI NAY I NN 
axe7df Pe, 


q4Odsueul UOT WNLSSe}zOg UOJ SUOLUY JO JYUSWaALNbaYy “TIA FIGVL 


2287 Gosh. Maff + stavigeod9 mpl 
gte$goA 


“atts eysb xte enoboiytos s4q betsiotts mov? botefost. ety 
ont bre stan ?ssud . fatinnsM 46.0 to pattetenod yettud b 6 
atnomavem muirzas7o4 Bi4T Ao bw -3°RS 4-5. 0 of eutbs 260 HQ aoe anlerae NOT IEN INNING: 
Yen e. 9 260 ible y Siero Worensq2ue = Im Helge ie tu 2.0 ae . aie = 


Eideu/s 


Effects of anions on potassium ion movements. Mitochondria 
were isolated from etiolated cotyledons five days after 
imbibition. Assay was done in a buffer with the same 
composition as in Table VII. Potassium movements were 
initiated by addition of 0.5 ug valinomycin/ml suspension. 
Protein concentration was 6.9 mg/10 ml buffer. Respiratory 
parameters indicated that the mitochondria were intact. 
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as the sodium salt had no measureable effect on K” uptake, while sodium 
acetate also had little effect. There appeared to be an essential 
requirement for phosphate to attain sizeable K uptake. Maximum uptake 
occurred when 5 mM sodium phosphate was present with 10 mM sodium 
acetate. | 

Fig. 7 further demonstrates the enhancement of K uptake by 
addition of acetate and phosphate. In addition it was observed that 
phosphate and acetate were both required at an extramitochondrial con- 


centration of K” of 1.0 mM in order to attain maximum Kr uptake. 


F. Effects of Electron Transport Inhibitors and ATP Addition on 


Potassium Ion Uptake 

To further explore whether respiratory energy was being used to 
sustain induced K” uptake in mitochondria from pea cotyledons, different 
respiratory inhibitors were used (Table VIII). The concentrations of 
inhibitors used were those known to be effective with plant mitochondria 
(Wilson and Hanson, 1969). 

The results (Table VIII) were obtained from the same mitochondrial 
Preparation by adding tnhibitors and ATP in the second or third cycle 
of uptake. Succinate or succinate plus rotenone sustained normal K" 
uptake. Rotenone inhibits the first phosphorylation site and hence 
did not affect succinate utilization. Antimycin A, however, blocks the 
second site of phosphorylation, hence succinate utilization. As 
expected, it caused rapid efflux of K* into the extramitochondrial 
solution (Fig. 8) and prevented any further K uptake when H,0, was 
added (Table VIII). 

The presence of ATP (1.2 mM) did not sustain any Ko uptake when 
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Effect of electron transport inhibitors on potassium ion 
movements. Mitochondria were isolated from etiolated pea 
cotyledons five days after imbibition. Mitochondria 

(7.3 mg) were added to 10 ml of a buffer of the following 
composition: 0.3 M mannitol, 20 mM succinate, 10 mM 

sodium acetate and 5 mM sodium phosphate. The pH was 
adjusted to 7.2 at 25°C with Tris. Reaction was at 25°C. 
Respiratory parameters indicated that the mitochondria were 
intact. Potassium ion movements were initiated with 
addition of 0.5 ug valinomycin/ml suspension. 
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ATP was added to mitochondria in the anoxic state or antimycin-treated 
mitochondria. As will be reported in section III-D, extramitochondrial 
ATP was reutilized only very slightly by valinomycin-treated mitochondria 


in anoxic conditions. 


G. Effects of Divalent Cations on Potassium Ion Uptake 


As Mg" has been shown to be necessary in stimulation of a Mg’ 
dependent ATPase in mitochondria from pea cotyledons (Phillips, 1971) 
an investigation of possible effects of Mg" on energy-dependent Ki 
uptake was carried out. Calcium ions have been shown to inhibit 
phosphorylation in animal mitochondria (Lehninger, 1949) and to be 
accumulated with phosphate in plant mitochondria (Truelove and 
Hanson, 1966). An Ht efflux has been associated with the energy- 
dependent uptake of both cations (see review Pressman, 1970). In 
the present work, both cations were shown to have an inhibitory effect 
on the valinomycin-induced K* uptake (Table IX). Results were obtained 
from the same preparation of mitochondria by measuring uptake in 
consecutive cycles with increasing MgCl. concentrations. 

At a 5 mM concentration, CaCl, showed greater inhibition than 
MgCl. on the 'total' uptake and rate of uptake of ag As MgCl, was 
of more interest than CaCl. in the present work, (in view of the 
effects of Mg’? on an ATPase), only very limited study was done on 
Case With increasing concentration of MgCl, greater inhibition of 
the rate and extent of K uptake was noted. A similar inhibition was 


é : + 
observed in a different preparation when the extramitochondrial K 


concentration was 1.0 mM. 
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H. Effects of pH on Potassium Ion Uptake 


The effects of pH on K uptake were studied on the same preparation 
by measuring K* uptake in consecutive cycles wherein the pH had been 
adjusted by addition of HC] or unneutralized Tris. Table X indicates 
that maximum rates of, and 'total', K* uptake occur at a pH of 7.2 
when extramitochondrial K* is 0.5 or 1.0 mM. A pH of 7.2 is the 
optimum pH for succinate utilization by mitochondria of pea cotyledons 
(S. S. Malhotra, unpublished results). It was also noted that the K* 
uptake dropped to almost nil by the third cycle of uptake for a 
mitochondrial preparation in the presence of a buffer of pH 7.8. In 
addition it was observed that when the buffer pH was adjusted to 7.2 
from a pH of 6.2 or 7.8 neither the rate nor the 'total' KY uptake 


increased as expected. 


I. Uptake of Potassium Ions by Mitochondria in Differing Extra- 
mitochondrial KCl Concentrations 
With increases in extramitochondrial KCI concentrations, (up to 

2.0 mM) higher ‘total' uptake of Kr occurred, and at a faster rate 
(Table XI). As the concentration was increased it became increasingly 
difficult to accurately determine ‘total’, and rates of uptake of K*, 
hence the values reported for a 4.0 mM concentration are less accurate 
than those reported for lesser KCl concentrations. In each run the KCl 
concentration was increased in stepwise increments to the KCl concen- 
ration indicated and allowed to complete one cycle for each concentra- 
tion. A duplicate was run for the first preparation and values 


reported are an average of the duplicates which were tn close agreement. 
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TABLESXS Ettects of pH on Potassium Ion Uptake 


1a Uptake 

Extramitochondrial PLOtal Rate 
KC1 Concentration pH nequiv/mg protein nequiv/mg protein/min 

1.0 mM ed 150 100 

6.6 150 410 

Hoe. 230 690 

7.8 160 430 

0.5 mM Gc 70 150 

ee 115 210 

Te 40 80 


Results are reported for mitochondria isolated from etiolated pea 
cotyledons five days after imbibition. Assay was done at 25°C ina 
reaction buffer consisting of 0.3 M mannitol, 20 mM succinate, 

10 mM sodium acetate and 5 mM sodium phosphate. pH was adjusted 

from 7.2 to the pH indicated with Tris or HCl. Potassium movements 
were initiated by addition of 0.5 ug valinomycin/ml suspension. 
Mitochondrial protein was 7.8 mg/10 ml buffer. Respiratory parameters 
measured at pH 7.2 indicated that the mitochondria were intact. 
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Potassium ion uptake in mitochondria suspended in differing 
KCl concentrations. Assay conditions are as in Table XI. 
Results are for the same sample of mitochondria isolated 
from etiolated pea cotyledons five days after imbition. 

The traces were obtained by recording cycles of uptake and 
efflux through periods of aerobic and anoxic conditions as 
the KCl concentration was increased stepwise. Mitochondrial 
protein was 14.3 mg/10 ml buffer. Reaction was at 25°C. 
Potassium movements were initiated by addition of 0.5 ug 
valinomycin (VAL)/m1 suspension for the cycle and Ho0, for 
subsequent cycles. 
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When mitochondrial protein is increased to 14.3 mg (approximately 
double that of most runs) very enhanced movements of K" Gs noted 
(Fig. 9). The advantage of using such a large amount of mitochondrial 
protein is self-evident, but the capacity of the isolation procedure 
used did not permit routine use of such a large sample. The figure 
demonstrates K” uptake and subsequent efflux from the same sample at 
four different concentrations of KC]. 

Since the electrode measures change in K* activity in a logarithmic 
mode, the changes in K concentration in the 4.0 mM KCl solution gives 
much higher rates and ‘total' uptake than those for the lowest KC] 
concentrations, even though the actual potential change is lower at 


4.0 mM KCl. 


J. Respiration Rates of Mitochondria in the Presence of Valinomycin 
and Different KCl Concentrations 

A direct investigation was carried out on the effect of valinomycin 
on the respiration rates of mitochondria suspended in buffers with 
different concentrations of KC] (Table XII). The mitochondria isolated 
in both preparations showed an RCR of close to 2.8 in the absence of 
valinomycin. With no added extramitochondrial KC1, inhibition of 
respiration resulted when valinomycin was added. As the KCl concen- 
tration was tncreased, respiration increased until it approached that 
of state III respiration when the KC] concentration was 1.0 mM. 
Respiratory control was evident when ADP was added to mitochondria with 


respiration rates less than that of the state III rate (extramitochondrial 


KCl concentration usually 1.0 mM or lower). 
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TABLE XII. Respiration Rates of Mitochondria in the Presence of 


Valinomycin and Different KC] Concentrations 


Conditions for measurement nmol 05 utilized/mg protein/min 
Mitochondrial Mitochondrial 
Preparation #1 Preparation #2 
State IV respiration 54 35 
State III respiration 150 96 
Valinomycin and no added KCl 42 Syl 
Valinomycin + 0.5 mM KCl 101 | i2 
Valinomycin + 1.0 mM KCl 135 86 
Valinomycin + 2 mM KC] 147 88 
Valinomycin + 5 mM KC] 147 90 


Results are reported for mitochondria isolated from etiolated pea 
cotyledons five days after imbibition. Assay buffer was of the 
following: 0.3 M mannitol, 20 mM succinate, 10 mM sodium acetate and 
5 mM sodium phosphate. The buffer was adjusted to pH 7.2 at 25°C 
with Tris. Valinomycin was present at a concentration of 0.5 ug 
valinomycin per ml buffer. Mitochondrial protein was 0.43 mg/ml buffer 
for the first preparation and 0.34 mg/ml for the second. Addition of 
250 nmol ADP was used to check state III respiration. Reaction was 
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K. Effects of ADP Addition on Potassium Ion Movements 

Fig. 10 shows the apparent competition for respiratory energy 
between K ion transport and ATP synthesis. In the absence of 
valinomycin and with the first addition of ADP there was apparently 
a slight efflux of e The validity of the observation was not 
investigated further because of the small K* change that occurred. 
After addition of valinomycin a sizeable uptake of Kr occurred, and 
the respiration rates approximately doubled. Addition of ADP 
under these conditions caused a still further increase in respira- 
tion rate. Respiratory control was thus observable. At the same 
time, the K” electrode indicated a marked increase in extramitochon- 
drial K’. Furthermore it was observed in other runs that addition 
of ADP to mitochondria in the anoxic state did not cause any change 
in electrode response. Also if ADP was added at the same time as 
H505> uptake of K” would occur to a certain point, maintain that 
level and then pec uptake when ADP had been phosphorylated. 
Also when the extramitochondrial KCl concentration was increased, 
addition of ADP caused less change in the K* tracing (Fig. 10). 
Later work indicated that ADP was phosphorylated very slowly in 
the presence of valinomycin and high KCl concentrations (see 


Section III-B). 
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Fig. 10. Effects of ADP addition on potassium ion movements at 
different concentrations of extramitochondrial Kk". Results 
are for mitochondria isolated from etiolated pea cotyledons. 
(---) represents % 0, saturation while (-) is the tracing 
of K* concentration changes. Assay buffer was of the 
following composition: 0.3 M mannitol, 20 mM succinate, 
10 mM sodium acetate and 5 mM sodium phosphate. The 
buffer was adjusted to pH 7.2 at 25°C with Tris. Mito- 
chondrial protein was 9.1 mg/10 ml buffer. Adenosine- 
5'-diphosphate (250 n mol) was added at each of the times 
indicated. Reaction was at 25°C. 
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III. ATP Synthesis in Isolated Mitochondria from Pea Cotyledons 
A. Characteristics of ATP Synthesis 


1. Localization of ATP following phosphorylation of ADP 
The data (Table XIII) indicate that ADP was phosphorylated com- 


pletely to ATP under the conditions used. It appeared that as ADP was 
phosphorylated it was deposited on the outer phase of the mitochondria. 
Very little ATP could be detected in a pellet of mitochondria that had 
been removed from the reaction mixture by centrifugation. 

2. Reproducibility of ATP measurements 

Table XIV demonstrates the reproducibility of ATP measurements 
determined fluorometrically. It was noted that there was much greater 
reproducibility in samples when MgCl, was present as compared to its 
absence, hence results are reported for reactions done in the presence 
of MgCl. When samples from the same mitochondrial preparation were 
used, analysis gave very similar results. The ADP was phosphorylated 
very rapidly in the first thirty seconds and then the reaction slowed 
down. Time course studies of the rate of erithee are presented in 
Section III B. In comparisons of samples from different mitochondrial 
preparations somewhat greater variation is indicated; however, the values 
reported are still reasonably close. (Slight variations in timing of 


pipetting could be responsible for some differences. ) 


B. Time Course of ADP Phosphorylation in Presence and Absence of 
Valinomycin 
It has already been demonstrated that addition of ADP can interfere 


with the valinomycin-induced KT uptake (Fig. 10). In addition, 
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valinomycin leads to loss of respiratory control depending on the 
extramitochondrial concentration of KCl (Table XII). The results of 
a study of the time course of ATP synthesis in isolated mitochondria 
in the presence and absence of valinomycin is shown in Fig. 11. The 
rate of ATP synthesis was much slower in the presence of valinomycin 
than in the absence. In the absence of valinomycin, the ATP concen- 
tration reached 90% of the amount of ADP added after 4 min and was 
96% of the ADP added when sampled at 9 min. In the presence of 
valinomycin the concentration of ATP was only 35% of the amount of 
ADP nine minutes after the ADP addition. It was calculated that the 
net rate of ATP synthesis in the absence of valinomycin was 180 

n mol/mg protein/min which is much slower than the rates indicated in 
Table XIV when Mg’* was also present. The initial rate of ATP 
synthesis in the presence of valinomycin and 2.5 mM KCI was only 79 


n mol ADP phosphorylated/mg protein/min. 


C. Phosphorylation of ADP in the Presence of Valinomycin under 


Differing KC] Concentrations 
The effects of different extramitochondrial KCl concentrations on 


the level of ATP synthesized in the presence of valinomycin, is shown 
in Fig. 12. At low concentrations of KCl (1.0 mM and lower) there 
were only slight effects on the rate and level of ATP synthesized 
compared to the control without valinomycin. As the external KCl 
concentration was increased greater effects on the phosphorylation 

of ADP became apparent. It was noted that some variation occurred 

in the final levels of ATP at each KCl concentration in different runs. 


This was likely a result of slight variations in the intactness of the 


mitochondria. 
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Pikewe Tile. 


Time course of ADP phosphorylation in the presence (--) 
and absence (-) of valinomycin at an extramitochondrial 
KCl concentration of 2.5 mM. Mitochondria were isolated 
from etiolated pea cotyledons five days after imbibition. 
Mitochondria (2.6 mg) were added to 11 ml of a buffer of 
the following composition: 0.3 M mannitol, 20 mM succinate, 
10 mM sodium acetate and 5 mM sodium phosphate. The pH 
of the buffer was adjusted to 7.2 at 25°C with Tris. 
Samples of 1 ml were removed at the times indicated. 
Valinomycin at a concentration of 0.5 ug/ml of assay 
buffer was added 1 min prior to addition of ADP (2,000 
nmol). Reaction was at 25°C. 
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Ridemle. 


Phosphorylation of ADP in the presence of valinomycin 

at different levels of KCl. Mitochondria were isolated 
from etiolated pea cotyledons five days after imbibition. 
The mitochondrial suspension (2.2 mg) was added to a 

5 ml of reaction buffer of the same composition as in 
Fig. 11. Potassium chloride concentration was as 
indicated. Adenosine diphosphate (750 nmol) was added 
to the assay buffer one minute after addition of 
valinomycin. Reaction was at 25°C. 

Control (O-O ) no valinomycin with 2.5 mM KC1; valinomy- 
cin with 0.5 mM KC] (ao ); valinomycin + 1.0 mM KC] 
(4-& ); valinomycin + 2.5 mM KCl (@—@ ); valinomycin + 
5 mM KC] (w—we). 


74 


lOO 


80 


oO T+ 
poypjAsuoydsoud dav peppy jo% 


MIN 


io gd wep teat BF GP te: iiss, 
7+ eee Drawin 6? PF | 

» pOhel aan atleeee Hm 

‘ly ile i! Layee 1Byt 
phi <0 ae at (en Ue as 

‘ et oe 2 we , was as 
‘om compere Gumeaiens (700 Ep?) wert 
i) @oey o's \ cq) Ouie arp id\ion of 
Toe ee Pl 
OO oe ahuaentpy erp 2.5 af 
ae > 1) ehieeyeia 

14 a fee); 


iF 


75 


D. Phosphorylation of ADP and Reutilization in Anoxic Conditions 


It was observed in previous work (Table VIII) that ATP could not 
substitute for respiratory energy in sustaining Kr uptake under con- 
ditions where respiratory energy was unavailable. Thus it was de- 
sireable to determine what changes in ATP occur under these conditions. 

Fig. 13 shows the formation of ATP throughout an aerobic phase 
when ADP was present and changes that occurred in ATP levels during 
an anoxic phase. In the absence of valinomycin ATP levels dropped 
rather quickly initially and then began to level out. When valinomycin 
was present, however, the reutilization of ATP occurred to only a very 
moderate extent. Reports in the literature for animal mitochondria 
indicate that added ATP can substitute for respiratory energy in sus- 
taining K transport when respiratory energy is not available (Harris 
et al., 1966). The present observations do not agree with this 
report. The ATP concentration for mitochondria entering the anoxic 
state in the absence of valinomycin was 184 uM while the concentration 
of ATP was 74 uM for mitochondria entering the anoxic state in the 


presence of valinomycin. 


E. Effect of Presence of Mg’ on ATP Synthesis 


The presence of MgCl. has been shown to have an inhibitory effect 
on K* ton uptake. Investigations of the effect of MgC1., on the rate 
of ATP synthesis (Table XV) show a much enhanced rate of synthesis in 
the presence of MgClo. particularly tn the assay 30 seconds after ADP 
addition. As the MgCl. concentration is increased to 25 mM and higher, 
the rate of synthesis is slowed down. In the presence of valinomycin, 


MgCl. has a stimulatory effect on ATP synthesis as well. 
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Phosphorylation of ADP in aerobic conditions and re- 
utilization in anoxic conditions in presence (--) and 
absence (-) of valinomycin. Mitochondria were 
isolated from etiolated pea cotyledons five days 
after imbibition. A suspension of mitochondria (2.7 mg 
protein) was added to 10 ml of a buffer of the same 
composition as Fig. 11. Extramitochondrial KCl 
concentration was 2.5 mM. Addition of 2,000 nmol ADP 
was made two minutes after addition of mitochondria. 
Valinomycin (0.5 pg/ml suspension) was added, where 
indicated, one minute after mitochondrial addition. 
Reaction was at 25°C. 
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TABLE XV. Effect of Presence of MgCl. on ADP Phosphorylation in 
Presence and Absence of Valinomycin 


| Rate ATP 
Absence of Valinomycin ATP as % Added ADP Synthesized/min/mg protein 
MgCl, 30 sec 14 min 3 min 
O mM 28 73 98 290 
10 mM 55 87 103 570 
25 mM 51 84 107 530 
50 mM 46 69 98 475 
Presence of Valinomycin ATP as % Added ADP Rate ATP 
KCL MgC1,(5 mM) 30 sec 3 min Synthesized/min/mg protein 
1.5 mM 1 ot 89 3a2 
~ 26 65 2/8 
2.5 mM + 14 391s 150 
- 8 16 86 
5.0 mM + 16 “ail 171 
- 9 12 96 


Mitochondria were isolated from etiolated pea cotyledons five days 
after imbibition. Mitochondrial protein (1.4 mg protein) was added to 
5 ml of a buffer of the following composition: 0.3 M mannitol, 20 mM 
succinate, 10 mM sodium acetate, 5 mM sodium phosphate and MgClo and 
KCl concentrations indicated. The buffer was adjusted to pH 7.2 at 25°C 
with Tris. Valinomycin was added where indicated in the concentration 
of 0.5 mg/ml suspension. Adenosine diphosphate was added in the amount 
of 750 nmol. Reaction was at 25°C. 
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Ewer rect OT a ining Of Valinomycin Addition on ATP Synthesis 


A further investigation into the competitive aspects of ATP synthesis 
and K* Ton uptake was done to show that rates of ATP synthesized when 
the K gradient had already formed (i.e. valinomycin was added one 
minute prior to ADP addition). This was compared with the rates of ATP 
synthesis when valinomycin was added at the same time as ADP was added. 
In the latter case the Kk” gradient would not be preformed and phos- 
phorylation of ADP would compete with the formation of the K* gradient 
for respiratory energy. Table XVI shows that ADP was phosphorylated 
at the same rate regardless of the presence or absence of valinomycin 
at an extramitochondrial KC] concentration of 0.5 mM or 1.0 mM. 

When the extramitochondrial concentration of KCl was increased to 2.5 
mM, timing of addition of ADP following valinomycin had a very pronounced 
effect. 

When ADP was added 1 minute after valinomycin addition when the K* 
gradient had already formed, ATP was synthesized much faster than when 
ADP was added simultaneous ly with valinomycin. Phosphorylation of ADP 
was slow at first but the total phosphorylation after three minutes was 


approaching the level of ATP in the early valinomycin addition. 
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TABLE XVI. Effect of Timing of Valinomycin Addition on ATP Synthesis 


K % ADP Converted to ATP 
30 sec 1% min 3 min 
0.5 mM No valinomycin 28% 73% 98% 
Valinomycin added 1 min 
prior to ADP addition 30% 72% 92% 
Valinomycin added simultaneously 
with ADP 28% 70% 94% 
1.0 mM No valinomycin 33% 75% 98% 
Valinomycin added 1 min 
prior to ADP addition 32% 44% 74% 
Valinomycin added simultaneously — 
with ADP 33% 47% 72% 
2.5 mM No valinomycin 35% 76% 100% 
Valinomycin added 1 min 
prior to ADP addition 16% 28% 32% 
Valinomycin added simultaneous ly 
with ADP 7% 12% 27% 


Mitochondria were isolated from etiolated pea cotyledons five 
days after imbibition. Mitochondrial protein (1.5 mg protein) was 
added to 5 ml of a buffer of the following composition: 0.3 M 
mannitol, 20 mM succinate, 10 mM sodium acetate, 5 mM sodium phosphate 
and KCl concentration as indicated. The buffer was adjusted to pH 
7.2: at 25°C with Tris. Valinomycin (0.5 ug/ml suspension) was added 
where indicated one min after mitochondrial addition. Reaction was 
ato aC. 
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DISCUSSION 


I. Preparation of Mitochondria by Zonal Techniques 


Density gradient techniques are of immense value in obtaining a 
mitochondrial preparation that is relatively free from contamination 
by other sub-cellular organelles. In the present work the technique 
was worked out for preparation of a purified mitochondrial fraction ; 
in a Ti-XIV zonal rotor, with a sample volume of a homogenate of pea 
cotyledons as large as 250 ml. The procedure used was time-saving 
in a number of ways: no preliminary centrifugation of the sample 
for separation of a crude mitochondrial fraction was necessary, the 
sample was edge-loaded into the rotor in a matter of only a few 
minutes, and the large capacity of the rotor enabled the isolation of 
a preparation with 20-30 mg mitochondrial protein. 

Subsequent examination of this fraction indicated a high degree 
of purity in the mitochondrial fraction. Electron micrographs (Fig. 5) 
show a field of particles isolated from the interface of the 37.5% and 
41.5% sucrose steps. Examination shows mainly mitochondria present 
(either in the condensed or orthodox state) plus a few unidentified 
particles. 

In addition it was found necessary to include 0.1% BSA and adjust 
the pH of each step in the sucrose gradient to 7.2 (at 2°C) to obtain 
mitochondria displaying good respiratory parameters. For the present 
work an RCR value of 2.5 and an ADP/O of 1.7 were considered 
the minimum values that were acceptable for study of 
mitochondria in the present thesis. Mitochondria were routinely 


isolated from etiolated pea cotyledons five days after imbibition 
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Since this age yielded mitochondria of the highest respiratory parameters 
and mitochondria with fully-developed membranes (Solomos et al., 1972). 
However it was observed by this author that mitochondria isolated from 
4 or 6 day old tissue displayed respiratory parameters equal to those 
of mitochondria from five day cotyledons. It was not necessary in the 
present work to complete a detailed study of the isolated mitochondrial 
fraction since Solomos et al. had reported extensively on such studies. 
Simply, by the zonal ultracentrifugation technique developed, 
mitochondria were obtained in good yield and with a high degree of 
purity and good respiratory parameters. The observation of Phillips 
(1971) that extraneous protein in a crude preparation yields a higher 
state IV respiration, than a purified mitochondrial preparation is 
reflected in the values of respiratory parameters obtained in the 
present work. 

Table I shows that the RCR value for a zonal mitochondrial prep- 
aration is higher than that for the crude preparation, as is the 05 
utilization on amg protein basis. The catalase activity has been 
largely reduced in the mitochondrial fraction and can be detected in 
high activity in a zonal fraction of higher density. The zonal rotor 
was a useful technique in obtaining mitochondria for the present work 
and offered the advantages of capacity, speed, ease in preparation 


and purified mitochondria. 


II. Study of Potassium Ion Movements in Mitochondria 
A. Development of Techniques 


It was decided to study uptake of potassium ions for examination 
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of ion uptake in mitochondria for a number of reasons. First, since K 
is a univalent cation little complexing of this ion with other ionic 
Species was expected. Second, ie movements have been well-documented 
in animal mitochondria (e.g. Harris et al., 1966). Third, the addition 
of valinomycin was a means of initiating measureable K uptake, and 
fourth, ion selective electrodes were available for a sensitive, rapid 
and continuous monitoring of activity of K* fons. 

The development of a technique for use of the potassium liquid 
membrane electrode for measurement of K" uptake in mitochondria is 
new to this field of ion uptake. Although the principle of operation 
of the electrode depends on the Ke selectivity of the membrane as 
induced by valinomycin present in the electrode, any leak of valinomycin 
from the electrode into the solution could complicate results. However 
the only problem would lie in observations of spontaneous K* uptake. 
It would be difficult to exclude leakage of valinomycin from the 
electrode as being responsible for spontaneous uptake. The fact that 
no consistent spontaneous uptake was observed (with mitochondrial 
addition) supported the assumption that valinomycin leakage from the 
electrode would not be a problem. Also the valinomycin molecule is 
highly lipophilic and would not be expected to be extracted into 
aqueous solutions. The potassium liquid membrane electrode, on the 
other hand, contains a water immiscible solvent in which the valinomycin 
is very soluble. (A description of the electrode is given in Section 
A-1 of the Appendix). 

The use of a K" glass electrode for detection of K movements is 


widely reported in the literature (e.g. Harris et al., 1966; Kirk and 
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Hanson, 1973). However, this electrode does not have as high a 
specificity for K" ions as the liquid-membrane electrode. In early 
stages of the present investigations, highly erratic responses were 
obtained with a Beckman K" glass electrode. It was not ruled out, 
however, that a faulty reference electrode or faulty pH meter might 
have been responsible. The Kn liquid-membrane electrode was observed 
to provide highly reproducible values, fast response and a stable 
potential with very little drift. The fast response was characteristic 
of the electrode for a small change in K concentration of a solution 
in which the electrode was equilibrated. 

Equilibration of the electrode with the assay solution was carried 
out prior to addition of mitochondria. With the addition of mito- 
chondria, a slow spontaneous efflux was often noted as detected by 
an increase in extramitochondrial K’ concentration. This is in contrast 
to the results reported by Harris et al. (1966) in animal mitochondria 
and more recently by Kirk and Hanson (1973) in corn mitochondria. 

These workers were able to measure a substrate supported uptake of K" 
in the absence of valinomycin. Christie et al., (1965) have reported 

a loss in K" from mouse liver mitochondria incubated at Syst LS 

led to enhanced uptake of K in presence of respiratory substrate. 

With other preparations, the present author Boeeed either small 
decreases in extramitochondrial K" concentrations, or no change. It 

is probable that isolation conditions and internal mitochondrial K" 
concentration are the major factors determining whether K* will be taken 
up or efflux will occur upon addition of mitochondria to an assay buffer 


containing respiratory substrate. It is probable that swelling was 


a aes TN | iw | ha oth 


7 7 


yaa’ 
he ie 


4 tos oat te tah orton a ee a 
yltios ni .sbo1s99 FS sné-veamebbupth aid 26 — Ret oF 
avaw Z92n0gG29" Sides vidort , anvfasptsdeyat ¢ | 7 


jue bafut Jon sew 41 shoviosls 2asto "Y nemiond 6 rai : 
s (a Mh 
dion Y9sam Hq YITuBt 10 showoels sanarets4 yttus? & tend ,' oon 7 
» sn ‘ig cre 
bavisads 2sw sbotioels snexanginel tuptt *Y sit _ofdbanoges’ 1 i ma 


4 
mee 


{ 
ties iF 


gfdste a bas senog2oy J2eT \,2sn!sy Ssicroubowgey yidpin abt 
atdzfyssaeredo 26w senogeat Jest sit .dviib ofiarl yrev da tw Tats 
ndttufoe s to nofieyiasaioo 4 at spnsto [ame 6 107. shordosts. aa - 
-beserdt{iups 2aw sbowdosts, oft Hof 

bstvys> 28 nottuioz vs2cs sid Adiw sboviosie iz To aotterdtl tug 
-osin to noltthbs one det .civbnordotth to notetbbs at 4orng: a , 

vd bstosteb 2s bedon nsito 2aw aul Pte auosnsdnog2 wole 6 sbbecds 


a 
a 


deeiinoa nt zt erat .nobsendnsonoo “W Thtabnotopdtmsntxe ot “ice eae 
siibaonsocim fantns nf (88el) fe te etevah yd bedvegey 22fuen aa 
»eribaarsorte revo nf alt '} no2wvse Ons A1r ¥d \uldneoes stom one me 


hy 


- 
y 70 ejatei basvogque sfavyedue 5 swassn oo afde s99W nahow sea. a 
bsdyoqgey saved (G00) . [a do she2rndd -nfoymontiav Yo songeds ‘oat ‘abel y 


2frg 7O°CE te baisduant Biibaasoesin vavii szuom mont y oF a20f 


.stewedue ywiote1ig2s) to sone2s1q af ie *O SsieTOU boansiine ot bet 7 


, An. A 
oie 

ih ane re) 
#1 .spnsdo on 10 , anotasitnssrino “Y fsivbnodvortmentxe at ey a 1] 


*Y: fetrbnorlsed ta Tanvatat bas ehotttbna notsefoet sant af oe 
asited od Thiw srs arty pntntnvssb 24ode7 Jobsm srld sae sve arta 09 
vs¥Tud ys226 ns oF sinbnodzodtm Yo notstbbe moqu tu2a0 F ase 


| fied, i* 
ee vtdeiny: at AT soimedua “a cor Liisi 
P er oe . ge i 


fieme tedife bevisedo soltus Ingesyq sit <2nolteyeeeng * 


Ss 


=a - i 


84 


occurring when mitochondria were added to the succinate medium since 
Wilson et al. (1969) have shown that an active swelling of mitochondria 
occurs in the presence of acetate salts. This swelling was independent 
of the cation present. Since Tris was used in adjusting the pH of the 
assay buffer it was possible that Tris” was being actively accumulated 
with acetate to a much greater extent than K* at the low extramito- 
chondrial K" concentration used. A significant uptake of salt would 
result in a decreasing ionic strength such that the potassium electrode 
would appear to record K efflux. Such a possibility does not seem 
realistic because of the relatively high ionic strength of the buffer. 
Addition of valinomycin caused a large and rapid uptake of K such 
bie Tris” or other cations had been accumulated to any extent 
prior to valinomycin addition a rapid exchange of Tris” for K* would 
have had to occur. 
B. Measurement of KT Uptake 

As demonstrated in Fig. 5, addition of valinomycin to a 
mitochondrial suspension induced the mitochondria to rapidly accumulate 
K", and caused a concomitant increase in oxygen utilization. These 
observations are consistent with those reported in the literature for 
animal mitochondria (e.g. Harris et al., 1966; Rossi? and Azzone, 1970). 
Recent work on mitochondria from bean and cauliflower (Wilson et al., 
1972) and mitochondria from corn (Kirk and Hanson, 1973) indicate that 
swelling occurs with the valinomycin induced K* uptake. The uptake of 
K* that was observed reflect rather large concentration gradients 
formed since the total mitochondrial volume is only a fraction of the 


10 ml assay volume. From a hypothetical standpoint it is conceivable 
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that the mitochondria could have a K* gradient of the order of 20 m™ 
inside/1 mM outside the mitochondria. This is assuming a rough estimate 
of the mitochondrial volume is 1/100 of the assay volume (10 ml) and a 
concentration change of 0.2 mM occurred in a 1.0 mM KT solution as a 
result of uptake. It is only the intention of the author to point 

out that a 0.1 or 0.2 mM change in concentration of K in the extra- 
mitochondrial medium reflects a sizeable uptake by the mitochondria. 
Rossi and Azzone, (1969) estimate that the ratio of Ke concentration 
inside to the K’ concentration outside is as high as 1600, corresponding 
to a potential difference of 192 mv. On the other hand, the Ht gradient 
is probably only a fraction of a pH unit. Cockrell et al. (1966) 
estimate that the K* gradient is only 16:1, which is still rather 
sizeable. 

As valinomycin causes an increase in membrane permeability to K* 
as well as facilitating an energy dependent uptake of K (Pressman, 
1970), it is reasonable to think that an efflux of K* had occurred 
during the uptake process as well. This would be predicted from the 
observations that the rate of oxygen utilization remains elevated even 
after the gradient has formed. Furthermore, the gradient is dissipated 
very readily once respiratory energy is blocked. Fig. 6 shows that the 
uptake and efflux process ts entirely reversible, and dependent on 
oxygen concentration in the assay solution. Also after addition of KC] 
to the extramitochondrial solution there was a very rapid change in 
potential, so that the traces of K* uptake and efflux that extend 
over 1-2 minutes may be assumed to reflect very closely the actual 


uptake and efflux of K* that took place. 
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The cycles of uptake and efflux were highly reproducible in the 
first three cycles and this provided a tool for study of K uptake. 
Even with the use of the zonal rotor, the amount of mitochondrial protein 
isolated for a study of K* transport was not adequate. By use of the 
cycles of uptake and efflux, effects of different variables or compounds 
on the subsequent rates of uptake were examined. The tool is, of course, 
limited in that only cumulative additions can be studied with this 
method. 

The effects of concentration of valinomycin (Table IV) on induced 
Kr uptake was studied at an extramitochondrial KCl concentration of 
0.5 mM. The highest ‘total’ uptake and fastest rate were obtained 
when the valinomycin concentration was 0.5 ug/ml suspension. This 
concentration was much higher than the levels reported in the litera- 
ture. Harris et al., (1966) used a concentration of 0.05 ug/ml mitochondria 
and Kirk and Hanson, (1973) report using a level of 0.1 ug/ml. It 
was observed in later work in this dissertation that a much lower 
level of valinomycin (0.1 ug/ml) could fully release respiratory control 
when the extramitochondrial K concentration was 5 mM. (It did not 
have this effect at.K” concentrations of 0.5 mM and lower, which were 
often used for studies in this dissertation.) In addition to the KT 
concentration it is very likely that the quantity of mitochondrial 
protein used would also be a factor in the level of valinomycin that 
can sustain maximum transport values. So that the valinomycin con- 
centration would not be a limiting factor, a level of 0.5 ug valinomycin/m}l 


assay buffer was routinely used. 
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The ‘'total' uptake of K and rates observed throughout this work 
compare favorably with those reported for animal mitochondria (e.g. 
Harris, et al., 1966) and most recently for corn mitochondria (Kirk and 
Hanson, 1973). 


C. Characteristics of, and Conditions for, K" Uptake 


In early investigations, before good mitochondrial preparations 
were routinely obtained, it was noted that fairly large variations in 
KT uptake occurred among different preparations. An investigation of 
KT uptake in mitochondria of different degrees of intactness indicated 
that no uptake could occur in loosely coupled mitochondria. This 
observation eliminated any possibility of protein absorption of K 
being responsible for the K uptake observed. Thus in all subsequent 
experiments respiratory parameters were routinely monitored prior to 
use of mitochondria in K” uptake experiments. An RCR level of 2.5 was 
Selected as the minimum RCR that would be acceptable for use of the 
mitochondria in K’ measurements. Nearly all preparations had an RCR 
of 2.5 or better in the second cycle of ADP addition and as demonstrated 
in Table 5 differed little in K uptake values from preparations showing 
an RCR of 3.0 or better. 

Since it is not yet possible to prepare uniform mitochondria in 
different runs, comparisons of effects of different treatments were 
made only among mitochondria from one preparation. A minimum of three 
runs was made for each variable tested to verify trends. 

The "uncoupling" ability of valinomycin was first reported by 
McMurray and Begg, (1959), but later Pressman (1963) showed that in the 


presence of valinomycin an energy-dependent ejection of protons occurs 
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and that K’ moves counter to the protons. This demonstrated that 
valinomycin was not acting as a normal uncoupler (Pressman, 1970). In 

the present experimental work no pH changes were detected. However, 

the high buffering capacity of the solution (which was 20 mM in succinate, 
and approximately 20 mM in Tris) might be expected to mask any pH 

Changes. As it is of value to maintain a stable pH when measuring Kr 
uptake, the lack of detectable We efflux proved a bonus in this respect. 
Sodium ion concentration was not routinely monitored since the con- 
centration of Na’ was of the order of 20 mM and any change of 0.1 or 

0.2 mM in this concentration would be barely detectable. 

Succinate was employed as respiratory substrate throughout the 
present work on measurement of K uptake. «Harris peboaldyn1966, ireported 
slightly higher uptake with a malate-glutamate substrate compared to 
succinate. Kirk and Hanson (1973) used NADH as substrate since it is 
not a permeant anion as is succinate. In the present work succinate 
produced the largest K" uptake and fastest movement (Table 6), as well 
as allowing faster movement through the cycles of uptake and efflux 
because of the higher 05 utilization. 

Although no intensive studies have been done on exchange-diffusion 
of anions in plant mitochondria the possibility exists that succinate 
can move more readily in a K"/succinate symport mechanism than the 
other anions tested. Harris (1968) showed that intramitochondrial 
succinate increases greatly during valinomycin-induced Kr uptake in 
rat-liver mitochondria. 

The need for the presence of anions other than succinate for 


sizeable uptake of K* is demonstrated in Table VII and Fig. 8. Although 
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other workers (Harris et al., 1966; and Kirk and Hanson, 1973) did not 
include phosphate salts in the assay buffer (using acetate instead), 
phosphate was essential to establishment of a high total uptake and a 
fast rate of uptake in the present work. Wilson et al., (1973) 
reported that the fastest and greatest swelling of plant mitochondria, 
as induced by valinomycin, occurred in the presence of phosphate and 
acetate salts. In the present work phosphate (added as the sodium 
salt) was absolutely required for a fast rate and a sizeable uptake of 
K* to occur. Sodium acetate (10 mM) enhanced this rate and 'total' 
uptake so that both salts were included throughout the experimental 
work. Wilson et al. (1969) studied active swelling of corn mitochondria 
in the presence of acetate and showed this to be independent of the 
cations added. It would thus appear that a great proportion of the K* 
uptake observed is ina KT /anion symport mechanism and in view of the 
reports of Harris et al., (1966) and Kirk and Hanson (1973) a very 
small proportion of the Kk" moves ina K/H" antiport mechanism. 

An investigation into the effects of respiratory inhibitors on 
Kr uptake (Table VIII) showed that antimycin A caused a very rapid 
efflux of K” and hence abolished the Kr gradient. Subsequently, ATP 
was added but it did not sustain any K uptake. This is in contrast 
to results reported by Harris et al. (1966) with rat liver mitochondria, 
who showed an ATP-sustained K uptake in the absence of respiratory 
energy. Christie et al. (1965) showed that Mg" is a necessary cofactor 
for the ATP-energized uptake of K* by K*-depleted mitochondria (from rat 
liver). The latter work was done in the absence of valinomycin, however. 


In the present work, added ATP (1.2 mM) could not substitute for 
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respiratory energy in driving K uptake. 

The effects of Mg** and Cay’ on K* uptake were investigated. 

Both cations substantially reduced the 'total' uptake as well as the 
rate of K uptake (Table IX). Harris et al. (1966) have also reported 

a decrease in the valinomycin-induced rate of re uptake and its 'total' 
uptake in the presence of those ions. Also, it was found that Cam 

had a relatively greater inhibitory effect than Mg** on the Kr uptake, 
which is in agreement with the results of Harris and co-workers (1966). 
Since both cations are known to be actively accumulated and are involved 
in energy-dependent reactions (see review Pressman, 1970), the present 
results were not unexpected. 

The optimum pH for Kr uptake was found to be 7.2, which corresponds 
to the pH optimum for succinate oxidation in mitochondria from pea 
cotyledons (S. S. Malhotra, unpublished results). Harris et al. (1966) 
report an optimum pH value of 7.2 for ‘total’ K* uptake in rat liver 
mitochondria, but a pH of 6.36 sustained the fastest rate. In the 
present work the fastest rate of K* uptake was at pH 7.2. In addition 
to lower uptake values, the K* uptake ability of the mitochondria was 
lost very quickly at pH 7.8. A very rapid deterioration in Kr uptake 
ability occurred at this pH such that by the third cycle of Kr uptake, 
almost negligible uptake was observed. Since mitochondria that have 
lost their intactness display a very poor ability for K* uptake, it is 
possible that a pH of 7.8 rapidly caused a loss of mitochondrial 
intactness. 

The concentration of KC] in the extramitochondrial solution is an 


important factor in determining the rate and extent of K* uptake. At 
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successively higher concentrations of KCl, a greater uptake of K 
occurred (Fig. 9). Also there was good repeatability of the different 
values of uptake for differing KC] concentrations. 

Since 'total' K” uptake and rate of uptake were smaller at a low 
extramitochondrial K” concentration it was assumed that formation of a 
potassium gradient at a low KCl concentration would be less of a drain 
on respiratory energy than when it was forméd at a higher KCl] concen- 
tration. If a low KCl concentration required a lesser amount of energy 
for maintenance of the K gradient, it was thought that examination 
of other energy-dependent reactions at different KCl concentrations 
might reveal relationships of K* uptake to other energy-dependent 
reactions. 

The effects of valinomycin, and different KC] concentrations, 

On respiration rates of mitochondria were investigated next. Recently, 
Kirk and Hanson (1973) have reported an RCR value of 2.8 for NADH 
oxidation in corn mitochondria in the absence of valinomycin and no 
added KC1, compared to 2.0 in the presence of valinomycin. Furthermore 
the RCR dropped to 1.25 when 1 mM KCl was added. Wilson et al. (1972) 
showed a much increased rate of respiration of bean and cauliflower 
mitochondria with addition of valtnomycin to'a solution that was 10 mM 
in KCl. Also no respiratory control was detected when ADP was added. 

In the present work, the extramitochondrial concentration of KCl 
was critical to the respiratory activity in the presence of valinomycin 
(Table XII). In the absence of added KCl respiration was inhibited 
somewhat (compared to the normal state IV respiration). It is possible 


that with the high levels of valinomycin used, a direct effect of the 


Veet oc hwy Ee 
; : - . 


*y to sassy Yedsaw TD Ao & a 
belie ial 0 ‘idee tiny th donc olt- 
sanotteianasngs SA pHTsett ib wt as | 

Bad ieee aes | i 
6 Ao notdeot ard buuees eam 2h nalserinsanes’ ‘A Veteinnorontmansia Hil 
ats 6 to zeal ad bluew noteransoma OH wor «an notbone mubeeniog 7 
-naaH0> (Chi vast = te borat anw 3 nbn morte yGrsni eTORNG iF 
yorsns Yo dnvonis.1seeel s bavtupsr nottaraneano: [4 wot se note : i 

noPSSATRons 2643 S”quodd aon dt anstbere “1 ony to-modehainiae 

2nortewrisoned [0% tverstib te enoltasey taebnagsbeyiens tadgo Fo 
tnebosqsb-yprone tarto of aietqy “Y Yo eqrtentteter Teaver tage 7) 
,2norssvsnsaqtos [OX snewstTib ors ,atoymont(av Yo ednatis edt 068 | 
/\(3nsos! .2xan betspticevat sisw etyhoonsedtn to zetes nottentqess HO = 
HOAM yo? B.S to aU av 139 ns Sednngsy oven (CNL) ndensl bas a : my 

on bis niavimnrisy Fo songeds oat nt sivthorsedin noo oF nor tebrxo a 
SsoNmsdy0F .nfcaynantlay to soases ig sdd nt 0. ot bowsqnad: 104 babs - a 
(S4Ri) .f6 35. ne2etiW babys» sew iD) Mo f wedw BS. £ log beqgavd ROA sii oF v 
‘easier by 063d to noigevtqesy to stey borasront foum & bewore a - 
Mn OS ee" tant nottulds 6 03 nisqnonsTev To nottibbs stiw simbnodpoate ” 7 
/babbs géw' OA: qadw. botaadeb. Sew 'losdndd ‘erosey teas Of onfae faba 
19 Yo nottessaanG2 (etrbnodsestnéysxs 39 drow Ineaanq- edt Al citi 
ntoynont tev. to syndesyq sit nt yaividos Wioteriqesy eft 
bestetiint 26u nataeriqagy FOX abo Ro aunsads, oat nf (Ts 


Aer a -(noktenigeay W-eaat thon ea 


ta 


ry a) - 


| 
¥ 


; 


SZ 


presence of valinomycin in the membrane on the respiratory chain 
components may have occurred and this may have accounted for a decrease 
in respiration. When the KCl concentration was increased to 0.5 mM, 
respiration approximately doubled over that of the normal state IV 
respiration. (Additional observations indicated that if ADP was added 
at this time, respiratory control was still present). When the KC 
concentration was increased to 1.0 mM, respiration rate increased to 
approximately equal that of the state III rate. Addition of ADP 

at this time did not show a Fuptnen increase in respiration so that no 
respiratory control was evident. The results are consistent with less 
energy being required for the energy-dependent uptake of Kr at low 
extramitochondrial KCl concentrations. (There were significantly 
lower respiratory rates for mitochondria in low KC] concentrations 


than in high KCl concentrations.) 


D. Effects of ADP Addition on Potassium Ion Movements 

Other laboratories have reported that valinomycin addition to 
mitochondria in an anoxic state can lead to a downhill loss of a 
gradient. This efflux of Kr can be used for driving ATP synthesis 
(Cockrell et al., 1967; Rossi and Azzone, 1970). The amount of ATP 
synthesized, however, is only about 1/10 of the K* efflux on an mol 
basis. Later evidence (Cockrell, 1972) indicates that the efflux of 
KT gives rise to a membrane potential (or possibly a H gradient) and 
this drives ATP synthesis. 
| In the present investigation, addition of ADP to valinomycin-treated 
mitochondria caused an efflux of K” (Fig. 10). It is known that ADP 


causes a partial reversal in the energized swollen state of mitochondria 
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(Packer, 1960, 1961) and that following ADP conversion to ATP, reswelling 
occurs. It is possible that a reversal of the swollen state is taking 
place in valinomycin-treated mitochondria during ADP phosphorylation 

and that this causes kK” efflux. Alternatively energy that was being 

used for kK” uptake is now being preferentially used for ATP synthesis, 
and with less energy available for uptake, a net K efflux occurs. 

Still another possibility is that enhanced K efflux (in the presence 

of ADP) is being used for driving ATP synthesis, possibly through 
reversal of a K'-ATPase. 

As the external KCl concentration was raised (also Fig. 10) less 
efflux of ras was detected at higher concentrations. This could indicate 
that either no efflux occurred at the higher KC] concentration or less 
efflux occurred, but lack of sufficient sensitivity at the higher KCl 
concentration failed to detect this. When ADP and H50. were added 
simultaneously, uptake of K” occurred to a certain point, (levelled off) 
and then resumed when ADP had been phosphorylated. This is further 
indication that at low extramitochondrial KT (0.5 mM) ADP phosphorylation 
was preferential to K” ion uptake to a certain extent, at least. 

Table XVI indicated that the rate of net ATP synthesis was not affected 
at low extramitochondrial KT concentrations when the ADP was added prior 
to build-up of a K" gradient or after the gradient had formed. Ata 
higher KC1 concentration (2.5 mM), however, ADP was more rapidly 
phosphorylated if the K gradient was already formed. There was 
competition for energy between the potassium uptake process and ADP 
phosphorylation. At low extramitochondrial KCl concentrations, however, 
ADP phosphorylation was preferential to Se uptake. The evidence leads 


to the suggestion that K* transport and ATP synthesis are alternative 
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processes for utilization of respiratory energy in pea cotyledons. At 
low KCl concentrations there was preferential phosphorylation of ADP 
compared to KT uptake but at higher extramitochondrial KCl concentra- 
tions, this preference was lost. This may have been caused by a direct 
effect of valinomycin and K" on the reverse ATPase. An increased ATPase 


activity has been detected by Rossi and Azzone (1970). 


III. ATP Synthesis in Isolated Mitochondria from Pea Cotyledons 


A. Characteristics 

Since ATP synthesis is thought to occur through reversal of an ATPase 
(Mitchell, 1970) and increased ATPase had been detected in the presence 
of valinomycin, an investigation of ATP synthesis in pea cotyledon 
mitochondria was done. The data in Table XIII show that ADP was com- 
pletely phosphorylated and was largely detectable in the extramitochondrial 
solution in the absence of valinomycin. This was to be expected in view 
of the exchange-diffusion theory postulated for transport nucleotides, 
anion substrates, and other anions in mitochondria (see Chappell, 1968). 

The carrier for an ADP-ATP exchange-diffusion reaction has been 
deduced by the action of atractyloside. Atractyloside blocks the 
phosphorylation of exogenous ADP but not the phosphorylation of intra- 
mitochondrial ADP. This and other observations led to the conclusion 
that a molecule of ADP enters the mitochondrion only in an exchange for 
a molecule of ATP (Klingenberg & Pfaff, 1966). Although this work has 
been done only on animal mitochondria, it is reasonable to expect that 
such mechanisms are likely present in plant mitochondria. 

The fluorometric method employed was very sensitive and able to 


detect levels of ATP lower than 1 nmol in 4ml. In addition, duplicate 
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samples demonstrated highly reproducible values for rates of ATP 
synthesis (Table XIV). 

The variation between preparations was much more pronounced as is 
variations in nearly all parameters in different mitochondrial prep- 
arations. The variation in ATP synthesis was reduced in the presence of 
MgCl.,. Hence the results in Table XIV were obtained in the presence 


of MgCl... 


B. Valinomycin Effects on ATP Synthesis 

The increased rate of respiration in the presence of valinomycin 
masked the phosphorylation of ADP as deduced by changes in oxygraph 
tracings. Therefore, a study was made of the effects of valinomycin 
on net ATP synthesis. At an external KCl concentration of 2.5 mM the 
presence of valinomycin greatly slowed the rate of ATP synthesis 
compared to ATP synthesis in the absence of valinomycin (Fig. 11). The 
level of ADP phosphorylated apparently reached a plateau in the presence 
of valinomycin. An explanation could be that valinomycin was directly 
affecting the ATPase for ADP phosphorylation, or perhaps valinomycin 
had an enhanced uncoupling effect with time. However, Phillips (1971) 
detected only a small increase in a Kt-ATPase in pea cotyledon mito- 
chondria, even at high KCl concentrations. The slow rate of synthesis 
of ATP in the early stages of the time course when valinomycin was 
present could be accounted for by an unavailability of energy as a result 
of energy being used primarily for maintaining the K* gradient. 

Fig. 12 demonstrates the effect of different levels of KC] and the 
ability of mitochondria to phosphorylate ADP in the presence of 


valinomycin. As the extramitochondrial KCl concentration was increased, 
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there was a decrease in the rate of phosphorylation of ADP. Relatively 
little effect on ATP synthesis was noted at 0.5 or 1.0 mM KCl] (when 
respiratory control could still be detected) in the presence of 
valinomycin. Also as was established in the K* uptake experiments, much 
more K’ is picked up and at a faster rate at higher KCl concentrations. 
This was interpreted to mean a greater drain on respiratory energy 
occurred with K” transport at higher external KC] concentrations. The 
Slow rate of ATP synthesis at higher KC] concentrations substantiates 
mulls 

It is of interest that Rossi and Azzone (1970) have shown a loss of 
mitochondrial ability for ATP synthesis from the valinomycin-induced 
dissipation of a Kr gradient at external KCl concentrations above 
2-3 mM. As discussed earlier, an increased ATPase activity was also 
detected. Fig. 12 further shows there is a decrease in ATP level 
after an initial maximum at 30 sec. for ADP phosphorylation in the 
presence of valinomycin and 5 mM KC]. It is possible that ATP synthesis 
had completely stopped and an ATPase activity was accounting for the 


decrease. 


C. Relationship of ATP Synthesis and Kr Transport 

As ATP has been shown to facilitate K* ion uptake in rat-liver 
mitochondria (Harris et al., 1966) but could not sustain K" uptake in 
the present research, an examination of changes in the levels of ATP 
for mitochondria that are in the anoxic state was carried out. Fig. 13 
demonstrates the formation of ATP during the aerobic phase and its 


subsequent reutilization in the anaerobic state. A rapid initial 


decrease followed by a slower linear decrease tn ATP level occurred 
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when mitochondria entered an anaerobic state in the absence of 
valinomycin. Very little reutilization of ATP occurred in the presence 
of valinomycin. It appeared that in the presence of valinomycin, the 
energy of ATP hydrolysis was not available for sustaining K uptake, 

an observation which correlated with that of Table VIII. 

As MgCl. was shown to inhibit the K ion uptake and Mg’* has been 
associated with ATPase activity (Discussion II-C), an investigation of 
effects of Mg” on ATP synthesis both in the presence and absence of 
valinomycin was investigated. The presence of Mg’ * is seen to greatly 
increase the rate of ATP synthesis (Table XV) at a 10 mM concentration 
but was inhibitory at higher concentrations. A concentration of 5 mM 
MgCl. was just as effective as 10 mM in increasing the rate of synthesis. 

In the presence of valinomycin Mg’ was also shown to increase the 
rate of ADP phosphorylated. The effect was particularly enhanced at 
an external KCl concentration of 2.5 or 5.0 mM. It appeared that Mg** 
was making energy more available for ATP synthesis or more likely was 
enhancing the activity of the enzyme, so that it could more readily 
phosphorylate ADP. In addition, as Mg** had an inhibitory effect on 
K transport, the use of energy for synthesis of ATP thus occurred. 

A final investigation as to alternative use of energy for ATP 
synthesis or K transport (Table XVI) showed that when valinomycin was 
added prior to ADP addition (a a gradient was given time to form) 
there was a greater initial rate of ATP synthesized than when ADP and 
valinomycin were added simultaneously. This occurred if the concen- 


tration was at least 2.5 mM but was not observed when the KCl concen- 


tration was 1.0 mM or lower. 
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Addition of ADP simultaneously with valinomycin (at a KCl concentra- 
tion of 2.5 mM) resulted in a competition for energy by the two processes 
such that a slower rate of ADP phosphorylation occurred. At low K 
concentrations (0.5 or 1.0 mM), essentially no difference was apparent 
whether the valinomycin was added prior to ADP or simultaneously with 
ADP. This observation is consistent with the idea that ADP is preferen- 
tially phosphorylated at low KCl] concentrations but at higher KCl con- 
centrations, the demand for energy cannot sustain both processes, and 


KT transport is preferred. 


sana ade ete 
aparece 


ae 


pebeiiaeia si Gries 


"wor 3A soir A rorgnor | a 
Jneréqqs zew sanssttib.« ' 
dtiw yl euossefumie “40 9 enn 
-navataxg 27 40A dont sabf odd) fiftw doisg2t anoy 2h \ 
“nod f0% Ysideth de 2uG znoidsndyeowony TON wot 26 b | ate 
bins «29e2890%q Njod mistaue sonns> ypyans “or ane , 


CONCLUSION 


Zonal ultracentrifugation techniques can be used to isolate 
mitochondria of relatively high purity from pea cotyledons displaying 
good respiratory parameters. They can be obtained quickly and in good 
yield, 

Use of a liquid.membrane potassium electrode was of value in a 
study of potassium ion transport. This method enabled a fast and 
continuous monitoring of potassium ion uptake in isolated mitochondria. 

The valinomycin-induced K uptake observed in the present work was 
energy-dependent and influenced by such variables as intactness of 
mitochondria, substrate, anions present, cations present, and level 
of extramitochondrial KCl concentration. As the KCl concentration 
in the external solution was increased (from 0.5 mM to 4.0 mM) an 
increase in rate of, and ‘total’, K" uptake was observed. In addition, 
a concomitant increase in rate of respiration occurred. Respiratory 
control was evident if the extramitochondrial KCl concentration was 1.0 
mM or lower. At these concentrations ADP could be phosphorylated to 
ATP in the presence of valinomycin at a rate equivalent to phosphoryla- 
tion in the absence of valinomycin. The availability of respiratory 
energy was not limiting and phosphorylation of ADP appeared preferential 
over K" uptake. At higher concentrations much slower rates of ADP 
phosphorylation occurred. The demand for energy (as indicated by 
maximum respiration rates) to maintain the KT gradient was so demanding 
that little energy was available for ATP synthesis. Also it was possible 
that the high concentration of K* in the mitochondria (at high external 


KCl concentrations) interferes with the reverse ATPase process for ATP 
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synthesis. An influence of valinomycin on ATPase activity has been noted 
by others. ATP could not substitute for respiratory energy in sustaining 
K" uptake. When ADP was added after the Kr gradient had already formed 
(at high external KCl] concentrations) more energy was available (as 
indicated by faster rates) for ATP synthesis. 

Mg’ was required for a fast rate of synthesis of ATP. It also 
enhanced this synthesis in the presence of valinomycin and was inhibitory. 
to K uptake. 

ATP synthesis and potassium ion transport appear to be alternative 
processes for use of respiratory energy. Although other explanations 
can be given for individual observations, none account for ali the 


observations made. 
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APPENDIX 

A-1 Electrodes 

a. Reference Electrodes 

When several electrodes are used to monitor the same test solution, 
it becomes necessary to use a common reference electrode to minimize 
cross interactions between electrodes. The function of a reference 
electrode is to provide a constant potential against which the potential 
of the measurement electrode is compared. Usually a reference electrode 
employs a salt-bridge solution. At the liquid junction between the 
salt-bridge solution and the test solution; the salt solution slowly 
flows into the test solution. At the interface of the two solutions 
a potential difference, the liquid junction potential, is established. 
However, many factors, such as temperature, stirring, and nature of the 
Salt-bridge solution detract from the stability of the electrode 
potential. There are various types of reference electrodes with 
liquid-junctions. The reference element is generally Ag/AgCl or 
calomel with variations in composition of salt-bridge solution and 
type of liquid-junction. The latter two factors play a major role 
in stability of liquid junctions. 

The most commonly used salt-bridge solution is saturated KCl. 
Its greatest advantages as a salt-bridge solution are the following. 

1. It is of a well defined ete 

2. It minimtzes and stabilizes the liquid junction potential 

3. It has a low differential temperature coefficient 

The major disadvantage of saturated KCl is that the rate of 
contamination by C1~ and K ts much higher than for solutions of low 


concentration. 


In the present work an investigation of the alternative sai.b je 
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solutions eliminated the possibilities of: 

1. Dilute KCl - There was the problem of maintaining composition 

2. Saturated LiCl] - The salt might have deleterious effects on 
mitochondria 

3. Double junction-electrode - (where a second salt-bridge 
solution can be inserted between saturated KCl and the test solution). 
The third was deemed unmanageable for the measurements required because 
of its size. Also the salt-bridge solution does not have the ad- 
vantages of a saturated KCl salt-bridge. 

Alternatively one can control rate of contamination by selection 
of an electrode with a very slow flow rate. The problem that arises 
however is that the stability of the liquid junction potential is lost 
as the flow of salt-bridge decreases. For example a sleeve-junction 
electrode and an open-liquid-junction electrode exhibit very high 
stabilities of liquid junction potentials. However, they have very 
high rates of contamination. A fibre junction electrode was found 
to exhibit erratic liquid junction potentials and it tended to clog 
in the presence of proteins. In a porous pin electrode, the contact 
with test solution is made either by a porous pin, sintered glass 
disc or a ceramic rod. With it, there was found to be a very slow 
outflow of KCl and resistance to the "Tris buffer" effect*. An A. H. 
Thomas combination electrode with a ceramic junction Ag/AgCl reference 
was employed in the research reported here. It exhibited a stable 
liquid-junction potential and the outflow of KCl was found less than 

*Tris buffer effect is caused by a reaction that takes place 


between Tris and certain components of various reference electrodes 
resulting in an erroneous pH reading. 
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1 yl saturated KCl per hour. 

peo lat electrode 

There are two basic types of K* selective electrodes. The first 
type developed was the glass membrane type, which is identical to the 
glass pH electrode except selectivity has been conferred upon it by 
changing the relative composition of different silicates present in 
the glass bulb. This type however is not entirely selective to K as 
other ions such as Na’, H, Ag” cause erroneous readings. 

The liquid membrane K* electrode developed by the Orion corporation 
exhibits an extremely high selectivity for potassium over other cations. 
The selectivity constants for the Model 92-19 potassium electrode as 
reported by Orion are: Cs’, 1.0; NH, , 0.03; H’, 0.01; Ag’, 0.001; 
Na’, 0.002; and Li’, 0.001. 

A water immiscible solvent (which is 5-10% in valinomycin) is 
placed in the electrode body such that a lipophilic membrane is 
saturated with the solution. The K in solution is thought to be in 
an equilibrium with a K”-valinomycin complex. In addition the Ke 
valinomycin is in equilibrium with a KC] solution within the electrode. 
Any change in solution K* results ina change in K*-valinomycin and 
internal KCl solution within the equilibrium of the electrode body. 
Such a change gives a change in electrode potential which is directly 


’ + 
proportional to the change in external K . 


A-2 Calculation of Potassium Ion Uptake 
The potassium ion electrode was calibrated daily with potassium 
chloride solutions of 0.1 mM, 1.0 mM, 10 mM and 100 mM concentration. 


The ionic strength of each solution was fixed at 100 mM by use of CaCl, 
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(the ionic strength of CaCl, being three times higher than an equi- 
molar solution of KCl). The pH of each solution was standardized at 
7.2 by addition of approximately 1 mM Tes (made pH 7.2 with Tris). The 
results were used as a check of the slope of the electrode. 

When assay buffer was used the KCl concentration was brought to 
a specified value by addition of a specific amount of KCl, usually 5 or 
10 moles KCl. The resulting electrode potential was then compared to 
the predicted electrode potential as a routine check before addition of 
mitochondria. Following addition of mitochondria and subsequently to 
that, addition of valinomycin, the change in electrode potential was 
recorded and the resultant change in potential used to calculate the 
actual change in extramitochondrial K concentration. The calculation 
was based on the observed slope of the electrode. If the slope was 
50 mv/decade change, a graph of electrode potential vs. K* concentra- 
tion with 50 mv slope was used to determine the actual K* concentra- 
tion change for the observed electrode potential change recorded. 

The number of nanoequivalents of K* required to register the 
extramitochondrial Kr concentration change was calculated and the 
resulting value expressed as the number of nequiv of K* either taken 
up or effluxed. 

The rate of uptake or efflux was determined from the initial slope 
of the trace. It was calculated by determining the nequiv of K* re- 
quired for the observed change in the fraction of a minute examined. 


The result was expressed as nequiv/mg protein/min. 
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Fig. A-l. 


Slope of Orion liquid-membrane potassium electrode 
(Model 92-19) with decade increases in concentration 
of KCl. Ionic strength was maintained constant at 
0.1 M with CaCl, addition where necessary. Standard 
solutions were adjusted to pH 7.2 with addition of 

1 ml of 50 mM TES (adjusted pH 7.2 with TRIS) per 
100 mi KC1 solution. 
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Fig. A-2. 


Slope of an Orion Model 92-19 liquid-membrane 
potassium selective electrode as it changes 

with age. The slope is a daily average of the 
change in mv recorded with stepwise increases in 
KCl concentration from 0.1 mM to 100 mM. Ionic 
strength was maintained constant at 100 mM with 


CaCl.. 
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